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Abstract
Phase-change materials (PCMs) form a unique collection of materials that is defined by
its extraordinary property portfolio. The attribute "phase-change" readily summarizes the
most prominent feature of a representative of this material class: PCMs can be rapidly and
reversibly switched between the crystalline and the amorphous phase. Alongside with the
phase transition drastic changes occur in optical reflectivity and electrical conductivity, which
predestine these compounds for technological utilization in modern data storage devices.
The large contrast in reflectivity leveraged the employment of PCMs in optical data storage
devices such as DVD-RWs or the Blu-Ray disc, while the contrast in resistivity makes them
promising contenders for a new class of non-volatile, electronic data storage devices (so
called PRAMs or PCRAMs) that bear the potential to replace FLASH technology in the near
future.
The aim of this thesis is to support the ongoing development of PCM-based technology by
enhancing the understanding of its physical foundation. Here, the focus is set on a thorough
investigation of the thermal properties of GeSbTe-based phase-change materials (GSTs).
Thermal properties determine several critical parameters of phase-change technology e.g.
the power consumption of the switching process. Furthermore, thermal properties are
strongly related to the peculiar physical effects which have been reported for phase-change
materials such as the unconventional bonding in the crystalline phase (resonance bonding)
or structural disorder that strongly affects transport properties. In order to investigate these
miscellaneous relationships, the study at hand is divided into three parts.
In the first part the focus is set on microscopic and macroscopic thermal properties that are
associated with lattice vibrations. These are the phonon density of states (PDOS) measured
by inelastic neutron scattering and the specific heat of GSTs determined by differential
scanning calorimetry. It is demonstrated that crystalline GSTs exhibit signs of a pronounced
anharmonic atomic interaction potential, which is a predicted consequence of resonant
bonding.
The second part covers thermal transport properties. Here, low temperature measurements
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of the thermal conductivity from room temperature down to 50 K (performed with a custom-
designed 3ω setup) enable valuable insights into the phonon scattering mechanisms. It is
demonstrated that thermal transport is strongly affected by the degree of configurational
disorder - similar to electrical transport. In combination with the aforementioned finding of
pronounced anharmonicity a model evolves, in which thermal transport in GSTs is strongly
reduced by an interplay of anharmonicity and disorder. Furthermore, it is demonstrated, that
the degree of disorder can be used to tailor the thermal and electrical transport properties.
The topic of transport control is further expanded within the third part of the thesis where
the focus moves to the thermoelectric properties of GSTs. The question arises whether
the tunability of the electric and the thermal conductivity enables the approach of a so-
called phonon-glass, electron crystal property combination. Such a combination is highly
desirable in the field of thermoelectrics, where a thermoelectric composition converts heat
into electricity and vice versa. In this part of the investigation the thermal and electrical
conductivities are complemented with the corresponding Seebeck data to calculate the
thermoelectric figure of merit Z T of GSTs. Elevated Z T values around 0.8 are found for GeTe-
rich GST compositions and GSTs close to the metal-insulator transition. This may open up
further technological utilization of these versatile materials in the field of thermoelectrics and
underlines the high relevance of the thermal characterization of phase-change materials.
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Kurzfassung
Phasenwechselmaterialien (PCMs) bilden eine einzigartige Materialklasse, die sich durch
ihre ungewöhnliche Palette physikalischer Eigenschaften auszeichnet. Schon aus der Na-
mensgebung "Phasenwechsel" lässt sich die herausragendste Eigenschaft eines Mitglieds
dieser Materialklasse ableiten: PCMs können extrem schnell und reversibel zwischen ihrer
amorphen und kristallinen Phase geschaltet werden. Der Phasenwechsel führt zu drastischen
Änderungen in der optischen Reflektivität und im spezifischen elektrischen Widerstand,
eine Eigenschaft, die diese Materialien für technologische Anwendungen im Bereich der
modernen Datenspeicherung prädestiniert. Der starke Kontrast in der Reflektivität fand
seine technologische Anwendung in optischen Datenspeichern, z.B. der DVD-RW oder der
Blu-Ray Disc, während der Widerstandskontrast PCMs zu attraktiven Anwärtern für neuar-
tige, nicht-flüchtige elektronische Datenspeicher macht (sogenannte PRAMs oder PCRAMs).
Diese haben das Potenzial die FLASH-Technologie in naher Zukunft abzulösen.
Das Ziel dieser Arbeit ist es, die technologische Entwicklung von PCMs zu unterstützen und
das Wissen um ihre physikalischen Grundeigenschaften durch eine sorgfältige Untersuchung
ihrer thermischen Eigenschaften zu erweitern. Thermische Eigenschaften bestimmen eine
Vielzahl von kritischen Parametern der PCM-Technologie z.B. den Energieverbrauch beim
Schaltprozess. Weiterhin sind die thermischen Eigenschaften von PCMs eng verknüpft mit
den ungewöhnlichen physikalischen Eigenschaften, die bisher in Phasenwechselmaterialien
beobachtet wurden, so z.B. die unkonventionelle kristalline Bindung (Resonanzbindung) als
auch Unordnungseffekte, welche die Transporteigenschaften der Materialien beeinflussen.
Um die diversen Verknüpfungen adäquat zu behandeln, ist die vorliegende Arbeit in drei
Abschnitte gegliedert.
Im ersten Abschnitt liegt der Schwerpunkt auf den mikroskopischen und makroskopischen
thermischen Eigenschaften, die mit Gitterschwingungen assoziiert werden können. Konkret
handelt es sich um die phononische Zustandsdichte (PDOS), die mittels inelastischer Neutro-
nenstreuung gemessen wurde. Diese Daten werden durch DSC-Messungen der spezifischen
Wärmekapazität von GSTs ergänzt. Es wird gezeigt, dass das atomare Potential kristalliner
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GST-Systeme einen hohen Grad der Anharmonizität aufweist - ein Effekt, der als Folge der
Resonanzbindung vermutet wurde.
Der zweite Abschnitt beschreibt die thermischen Transporteigenschaften in GSTs. Mittels
eines eigens konstruierten 3ω Messplatzes konnte die thermische Leitfähigkeit in einem
weiten Temperaturbereich von Raumtemperatur bis 50 K bestimmt werden. Die resultieren-
den Daten ermöglichen einen Einblick in die phononischen Streukanäle. Es wird gezeigt, das
die thermische Leitfähigkeit - ähnlich der elektrischen - von dem hohen Grad der Unordnung
beeinflusst wird. Zusammengefasst mit den Ergebnissen aus dem ersten Teil formiert sich
für diese Materialien ein Bild, in dem die thermische Leitfähigkeit von einem komplexen
Zusammenspiel von Anharmonizität und Unordnung bestimmt wird. Weiterhin kann der
Grad der Unordnung genutzt werden, um thermische und elektrische Transporteigenschaften
in einem bestimmten Bereich einzustellen. Es eröffnet sich somit die Frage, ob über den Un-
ordnungsgrad gezielt ein sogenanntes PGEC-Material (phonon glass, electron crystal) erstellt
werden kann, welches eine herausragende Eignung für die thermoelektrische Konversion
von Wärme zu elektrischer Energie (und umgekehrt) hätte.
Diese Frage wird im dritten Abschnitt der Arbeit, in dem die thermoelektrischen Eigen-
schaften von PCMs vorgestellt werden, näher untersucht. Hier werden die thermischen
und elektrischen Leitfähigkeiten um die zugehörigen Seebeckdaten ergänzt, um die ther-
moelektrische Figure of Merit Z T zu errechnen. Für GeTe-reiche GSTs und für Systeme nahe
dem Metall-Isolator Übergang werden erhöhte Z T Werte gefunden (bis zu 0.8). Dies ist ein
vielversprechendes Ergebnis im Hinblick auf eine potentielle Nutzung dieser vielseitigen
Materialklasse im Bereich der Thermoelektrik. Darüberhinaus unterstreicht dieses Ergebnis
die hohe Relevanz der thermischen Charakterisierung von Phasenwechselmaterialien im
Allgemeinen.
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Prove all things; hold fast that which is good.
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CHAPTER 1
Introduction
On September 12, 2013, the National Aeronautics and Space Administration (NASA) released
an official note announcing that the deep space probe VOYAGER I had crossed the heliopause
at the outer rim of the solar system and entered the interstellar medium [1]. This announce-
ment marks a scientific and technological milestone of historic dimensions making VOYAGER
I mankind’s first object to enter and explore the spaceregion between stars. The crossing
of the heliopause was verified by a measurement of the spacecraft’s surrounding electron
density resulting in a value of 0.08 cm−3 which is indeed the expected value for the interstellar
medium [2].
Almost as remarkable as this experiment and its implications is the fact, that even 36 years
after its launch from Kennedy Space Center (September 5th, 1977) VOYAGER I still has the
capability to measure and transmit scientific data back to earth. It continues to operate at the
time of the writing of this thesis approximately 18,749,000,000 km away from earth and is ex-
pected to continue operation until 2020 [1]. One may wonder what kind of technology allows
for such a reliable, long-term and maintenance-free energy-source, too far away from the sun
and thus, any potential photovoltaic solution and under the extreme boundary conditions of
outer space. The answer is given by thermoelectric energy conversion. VOYAGER I uses three
radioisotope thermogenerators in which an advanced material converts the heat of a nearby
nuclear decay into electrical power.
For the moment we will leave further details of this extraordinary material open and return to
earth, where the vast amount of data sent by the spacecraft is analyzed and stored. Although
NASA’s data processing procedure is unknown to the present author, it appears plausible
to assume that modern optical data storage media such as CD-RWs, DVD-RWs or Blu Ray
discs are employed somewhere along the way. In this type of data storage technology, the
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information is encoded within the structural phase of the active material. For the active
material such an operation principle demands a sufficient contrast in optical reflectivity
between the two structural phases to distinguish logical states and a fast switching behavior.
To sum up, two very different types of technologies have been introduced so far: thermo-
electric power generation and optical data storage. Yet, no matter how different the two
technologies may be, both rely on the unique physical property portfolio of the same ma-
terial class. In both cases the active material belongs to the class of chalcogenides, or more
precisely tellurides.
With the work at hand, the opportunity was given to study this fascinating and extremely
versatile material class of chalcogenides. Here, the focus of the investigation was set on their
highly unconventional thermal properties such as the surprisingly small thermal conductivity
within the crystalline phase. This research topic in fact alludes to both aforementioned tech-
nologies but also involves scientific questions, which concern the fundamentals of material
physics. A deeper understanding of the thermal properties of these materials is a prerequisite
for any further utilization and may facilitate a variety of improvements for existing technolo-
gies.
The study itself is initiated from the viewpoint of those tellurides that are employed in data
storage devices. These are the so-called phase-change materials.
2
CHAPTER 2
Phase-Change Materials
The study at hand focuses on the thermal properties of phase-change materials (PCMs),
which are introduced in the following in terms of technological utilization and physical
properties. At first, the basic operation principle of a phase-change memory cell is outlined
ensued by a short chronological summary of its technological employment. Afterwards,
the focus turns to a discussion of the physical properties and their origin, closing with a
section on the relevance of thermal properties. The interested reader is also referred to a
number of excellent reviews [3–5], which have been the main sources to compile the following
information.
2.1. PCMs for Data Storage Technology
Phase-change materials generally form a subset of chalcogenides and exhibit a highly un-
conventional property portfolio. These special materials owe their name to the extraordinary
ability to be rapidly and reversibly switched between the amorphous and the crystalline
phase. The switchable phases display strong contrasts in optical reflectivity and electrical
resistance that are utilized as rewritable logical states in modern data storage technology.
Hence, optical and electrical data storage devices are realized. The operational principle of
such a phase-change device is visualized in figure 2.1. Within the crystalline phase, the PCM
exhibits a high optical reflectance and a low electrical resistance. A short, intensive exposure
to heat (left side in the upper row of figure 2.1) created by an external laser- or voltage pulse
raises the temperature within a small volume of the PCM above the melting temperature Tm .
The extreme temperature difference between the spatially confined molten region and its
3
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surroundings causes rapid quenching of the active material with cooling rates of the order
of 1010 K/s [6]. The material enters the amorphous phase exhibiting a low reflectance and
a high resistivity. In order to reprogram the amorphous bit a second, longer heat pulse is
required to heat up the material above the glass-transition temperature Tg and to initiate
recrystallization (right hand side in figure 2.1). In the context of data storage technology
these two operations are referred to as RESET (amorphization) and SET (crystallization). The
read-out operation uses low intensive signals, which leave the structural phase of the active
volume unchanged.
From the operational principle itself several key requirements for an ideal phase-change
material can be readily identified:
• A high property contrast between the amorphous and the crystalline phase is required
to distinguish reliably between logical states.
• The most power intensive operation is given by RESET programming, which hence
determines the upper boundary of the switching process’ energy consumption. A
low Tm is advantageous to lower the required amorphization energy. At the same
time, an elevated Tc is needed to prevent undesired crystallization under operating
temperatures (around 80°C to 100°C). Thus, the ideal PCM operates within a small
temperature-window, which obviously requires a careful selection of thermal proper-
ties.
• The bottleneck of the programming speed is determined by the crystallization time of
the active volume during the SET process. It should be as small as possible. Currently,
extremely fast switching times on nanosecond to sub-nanosecond timescales have
been reported by [9] and [10].
• Upon repetitive switching the composition should remain chemically stable to ensure
long term data retention.
These demanding requests underline once more the unconventional combination of prop-
erties, which are present in phase-change materials. As many - sometimes even conflicting
- parameters govern the performance of the material, the "best" PCM is determined by an
optimized tradeoff of the demands listed.
Historically, Stanford R. Ovshinsky announced the reversible electrical switching effect in
1968 on an evaporated thin film of Te48As30Si12Ge10 [11]. Several years before, Ovshinsky had
already filed a patent in foresight of the technological implications of his discovery. In his
1966 patent he proposed a "symmetrical current controlling device" with a memory based on
the resistive switching effect [12].
Despite of his works, the first large-scale realization of phase-change technology was not
4
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Figure 2.1.: Operation principle of a PCM device: The first row displays the temper-
ature of a PCM cell during the individual programming steps. Depending on the
type of the data storage device (optical or electrical) the external stimulus can either
be a laser or a voltage pulse. The second row displays the corresponding crystalline
structure of the active material. The last two rows represent the corresponding phys-
ical properties, which are utilized as logical states. Here, the first line displays the
contrast in optical reflectivity R that is utilized in optical data storage media such
as the DVD-RW/Blu-Ray RW. The second line sketches a typical "mushroom" cell, in
which the electrical resistance between top and bottom electrode is used to distinguish
the logical states. The whole figure was compiled by adapting similar illustrations
from several publications: [7] (first and second row), [4, 8] and references therein (last
row).
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based on the electrical switching effect but on the optical one. In 1971 Feinleib et al. [13]
demonstrated reversible optical switching on sputtered Te81Ge15Sb2S2 thin films triggered by
laser irradiation. It took another 16 years until the technological breakthrough was achieved
in 1987. Only then Yamada et al. observed sufficiently fast switching performances in PCMs
based on GeSbTe [14] ( < 50 ns in comparison to pulse lengths on a µs timescale in [13]).
Following market introduction in the mid 1990’s, rewritable optical data storage devices based
on PCMs quickly emerged to a well-established and widespread technology. The 50-gigabyte
BD-RE (Blu-Ray Disc Readable/Erasable) from 2004 [15] currently marks the third generation
of such optical storage devices (following CD-RWs/DVD-RWs). Still, there is continuous
research on further technological improvements e.g. by optical near-field recording (super-
RENS [16]) laying the groundwork for future generations to come.
Parallel to the success of optical data storage technology there have been considerable ef-
forts to follow Ovshinsky’s original pathway of commercializing the resistivity contrast in an
electrical phase-change device also referred to as PCRAM or PRAM. Such an electrical device
bears the highly attractive potential to overcome the limitations of the current combined
memory hierarchy of DRAM (fast but volatile) and hard disk drives (slow but non-volatile).
The envisioned PCM device combines both strengths - speed and non-volatility - thus form-
ing a "universal memory" and revolutionizing the current memory system [7]. Thorough
understanding of the fundamental physics of PCMs is a prerequisite to achieve this goal.
The remainder of this chapter will therefore focus on a concise summary of the physical
properties of phase-change materials.
2.2. Composition, Structure and Bonding
The diversity and complexity of the materials mentioned in the short historical review on
phase-change technology indicate that the search for new phase-change materials has been
mostly empirical. Once, a suitable composition was found, its discovery often sparked
further studies on related compounds which were created by stoichiometric variation, atomic
substitutions or doping of the original composition. Hence, it is not surprising that this
development lead to several phase-change "families" in close stoichiometric proximity. Those
PCMs that are currently most relevant for applications can be grouped into three families
[17]. These can be found within the ternary phase-diagram between Ge, Sb and Te (figure
2.2). The three families are:
The pseudo-binary line between GeTe and Sb2Te3: Out of all known phase-
change materials, compositions along the tie line (GeTe)x -(Sb2Te3)1−x - so-called GSTs
- are considered to be the most prominent ones. This is a result of Yamada et al.’s
6
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Figure 2.2.: Ternary phase diagram between Ge, Sb and Te in which a vast majority
of PCMs can be located. They can be grouped into three families: GSTs (blue), doped
Sb2Te including the famous AIST (orange) and Ge-doped Sb, which has gathered some
scientific attention due to its lack of a chalcogen anion (red). The textbox gives a short
historical overview about the employment of these compounds in data storage media
(color-coded according to the materials used). This figure was taken and adapted
from [3, 15].
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discovery of fast switching in these compounds [14]. Since then compounds of this
family have been widely used in optical media, for instance Ge2Sb2Te5 in the DVD-RAM
or more recently Ge8Sb2Te11 in the Blu-Ray disk [18].
Doped Sb2Te: Several compositions based on Sb2Te have been investigated for the use
in optical and electrical data storage media [19–21]. Typical dopants include Ge, In and
Ag. A prominent member of this group is the so-called AIST (AgInSbTe) compound.
Ge15Sb85: Ge-doped Antimony exhibits the characteristics of PCMs. Due to its lack of Te
GeSb forms a special class of its own as it is not a chalcogenide [22].
Although the three families presented cover a vast majority of known PCMs, it is impor-
tant to stress that there are a number of additional exotic compounds that also fulfill the
requirements of a PCM (e.g. InSbTe or GeSnTe compounds). This illustrates that the name
"phase-change material" does not classify certain compositions in a chemical sense, but
rather through their unusual property portfolio that complies with the technological re-
quirements. It remains an open question whether other material classes beyond the so far
identified PCMs could exhibit such properties.
The study at hand focuses on members of the first family, i.e. GSTs. Therefore all of the fol-
lowing properties refer only to this family of phase-change materials unless stated otherwise.
Furthermore, as all samples in this work have been created through magnetron sputtering,
the following sections refer specifically to the properties of the resulting thin film samples1.
2.2.1. Structure of GSTs
For our discussion of the structural properties of GSTs the pseudo-binary line (GeTe)x -
(Sb2Te3)1−x is divided into three groups: GeTe-rich compositions (x ≥ 0.89), mid - GSTs
(x < 0.89 to x ≥ 0.33) and Sb2Te3-rich (x < 0.33) samples. Naturally, the end points of the line
closely follow the crystallographic behavior of their "parent" compounds, GeTe and Sb2Te3.
For a decreasing x a linear decrease of the crystallization temperature of the composition
is found ranging from 185°C for GeTe to approximately 120°C for Sb2Te3 [23]. Thus, owing
to the temperature conditions during the sputtering process GeTe-rich and mid-GSTs are
amorphous in their as-deposited phase, while Sb2Te3(-rich) samples are (partly) hexagonal
crystalline as-deposited, where the GST crystal-building blocks are separated by vacancy
layers.
GeTe-rich samples crystallize in a distorted rhombohedral structure. Analogous to the α and
1Detailed descriptions of the applied sample preparation procedures can be found in chapter 3 on page 25 and
in chapter 4 on page 60, respectively.
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Figure 2.3.: Schematic presentation of the structural properties of GSTs. According to
their crystallization behavior upon annealing, these compounds can be divided into
three groups: GeTe-rich, Sb2Te3-rich and "mid-GSTs". The first two groups strongly
follow the crystallization behavior of their parent compounds as determined by the
end-points of the pseudo-binary line. Mid-GSTs however, exhibit a slightly increased
degree in structural complexity. The properties, which are relevant for this study, can
be shortly summarized as follows:
GeTe-rich: rhombohedral structure, Tc ≈ 185°C, mid-GSTs: intermediate cubic-like
phase, Tc ≈ 150°C followed by a stable hexagonal phase upon further annealing, and
Sb2Te3-rich compositions (hexagonal, Tc ≈ 120°C ).
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the β-phases of GeTe [8], Krbal et al. reported an additional, reversible transition between a
low-temperature rhombohedral and high- temperature cubic structure for Ge8Sb2Te11 [18].
Mid-GSTs exhibit the highest complexity in crystallization behavior. These compositions are
amorphous in their as-deposited phase. At temperatures around 150°C they crystallize into
a distorted meta-stable rock salt-like phase. Here, the Te- atoms occupy one fcc sublattice
while the sites of the cation sublattice are randomly occupied by Ge, Sb and vacancies. This
statistical distribution of occupants in combination with Peierls distortions gives rise to a
pronounced degree of chemical disorder in this phase. The intrinsic empty lattice sites are
introduced into the system through the amount of Sb2Te3 which hence entails surprisingly
high vacancy concentrations for decreasing x (e.g. 25% on the cation-sublattice in Ge1Sb2Te4).
It was shown that these empty lattice sites (in combination with Peierls distortions) play an
important role in energetically stabilizing the crystalline compositions [24]. However, despite
of their overall stabilizing effect on the composition the random distribution of vacancies
within the lattice is deemed to be energetically unfavorable in the fcc-like phase as reported
by Da Silva et al. [25]. Therefore, further annealing results in a reduction of the degree of dis-
order through successive ordering of all cation sublattice sites. The ordering continues until
a second phase transition into a stable hexagonal phase takes place at elevated temperatures
around 300°C. In this phase Ge, Sb and Te atoms are organized in layers perpendicular to
the [111]-direction. The empty lattice sites have moved out of the crystalline compound by
forming Van-der-Waals gap layers between neighboring Te-layers similar to pure Sb2Te3.
2.2.2. Resonant Bonding
It is not solely the increase in long-range order in phase-change materials that causes the
drastic optical contrast between the amorphous and the crystalline phase. Interestingly the
crystallization process is also accompanied by an extraordinary change in bond properties,
which shall be detailed in the following.
Within the amorphous phase, the Ge, Sb and Te atoms form ordinary covalently bonded
networks. Upon crystallization these atoms rearrange in an octahedral configuration which
is bonded by electronic p-orbitals. Yet, the total number of p-electrons within the system
is not sufficient to form fully saturated covalent bonds. Instead, the resulting bonds can be
quantum-mechanically described as a superposition ψ of several possible covalent states
φ. In the case of an undistorted system, these φ-states are energetically degenerate. The
resulting ψ denotes a weaker, unsaturated "resonance" bond as compared to the covalent
bond of the amorphous phase. The concept of "resonance" bonding was introduced by Linus
Pauling to describe an analogous situation within the benzene molecule and was expanded
in 1973 to semiconductors by Lucovsky and White [26]. One immediate consequence of
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resonance bonding is a shallow energy minimum of the electronic ground state, which leads
to a mitigated resistance of the electronic configuration towards external perturbations [27]. It
therefore accounts for the enhanced electronic polarizability and large Born effective charges
[28]. The crystalline state exhibits smaller optical bandgaps as compared to the amorphous
phase. This leads to enhanced optical dielectric constants which are another fingerprint of
this special type of bonding as demonstrated by Shportko et al. [28]. Their report initiated
research focused on the required conditions that promote resonance bonding.
By its very nature, resonant bonding is facilitated by aligned p-orbitals. Hence, strong dis-
tortions e.g. by hybridization of s- and p-orbitals, and a high ionicity of the bond reduce the
strength of the resonance character. This led to the creation of a two-dimensional map [17] in
which compositions with an average number of 3p-electrons are located according to their
bond hybridization and ionicity as shown in figure 2.4. All known phase-change materials
(green data points) accumulate in a small region of low hybridization r−1pi and ionicity r ′pi.
Hence, this scheme provides a superior visualization of phase-change materials compared
to mostly empirical ternary phase diagram in figure 2.2. For this reason, it is sometimes
referred to as "treasure map" for PCMs. Its main strength lies in the ability to predict PCM
characteristics directly from the stoichiometry of a given composition once the corresponding
valence radii of the s- and the p-orbitals, rs and rp , are known [17]:
r ′σ =
(∑
i ni rp,i∑
i ni
)
︸ ︷︷ ︸
Anions
−
(∑
j n j rp, j∑
j n j
)
︸ ︷︷ ︸
Cations
, (2.1)
r−1pi =

(∑
i ni (rp,i − rs,i )∑
i ni
)
︸ ︷︷ ︸
Anions
+
(∑
j n j (rp, j − rs, j )∑
j n j
)
︸ ︷︷ ︸
Cations

−1
. (2.2)
Here, n denotes the number of atoms of species i or j .
Remarkably, a number compositions that exhibit unconventional physical properties such as
thermoelectric materials, superconductors or topological insulators, coincide or are in close
proximity to phase-change materials as marked in figure 2.4 by color-coded data points. This
indicates that resonant bonding might create a suitable environment for a rich spectrum of
additional physical phenomena [29] which may render the map valuable for further material
research.
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Figure 2.4.: The special requirements for resonant bonding led to the formulation of a
"treasure map" for phase-change materials. In this map compounds bonded by ap-
proximately 3p electrons are located according to the bond ionicity and hybridization
(as defined by equation 2.1 and 2.2). All known PCMs (green data points) accumulate
in a small region of low hybridization and ionicity which favors the formation of
resonant bonds. The small sketches along the axes of the figure illustrate the influence
of increasing hybridization/ionicity on the structure and the bond strength (indicated
by the opacity of the blue bonds). Interestingly, also other unconventional material
properties (such as thermoelectric fingerprints) can be found in close proximity to
PCMs, indicating further relevance of the map beyond its phase-change context. This
figure was combined from [17] and [29].
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2.3. Electronic Properties
Phase-change materials reveal several peculiar electronic effects, which are briefly reviewed
in the following. Clearly, the most obvious effect is the large contrast in electrical resistance
between the amorphous and the crystalline phase, which is of the order of 106. Yet, within the
amorphous and the crystalline phases by themselves, GSTs exhibit unconventional properties.
Following the topical order of the previous section, we start with the presentation of a recently
reported crystalline effect, i.e. disorder induced localization. Then two amorphous effects
are covered: threshold switching and the resistance drift. Although the latter two effects are
not directly related to the study of the thermal properties of phase-change materials, they
shall be briefly mentioned here for the sake of completeness and in acknowledgement of
their application relevance.
2.3.1. Disorder-Induced Electronic Localization
Within the crystalline phase, the electrical resistances R of GST-based compounds exhibit
quite different behaviors upon annealing. Figure 2.5, which was taken from Siegrist et al.
[30] depicts the two types into which GSTs can be classified phenomenologically. On the
left hand side GeTe exhibits a simple behavior that starts with an initially high amorphous
resistance prior to annealing. Upon crystallization at approximately 185°C R drops 6 orders
of magnitude. Afterwards the crystalline R(T )-curve reveals a positive dR/dT , i.e. a metallic
temperature behavior. Thus, crystalline GeTe follows the behavior of an ordinary degenerate
semiconductor which is in line with literature reports e.g. by Nath and Chopra [31].
On the other hand, Ge1Sb2Te4 (right) reveals a much more complex behavior of R(T ) dur-
ing a similar experiment. Here, the final resistance at room temperature R(T0) is strongly
dependent on the annealing temperature and may vary up to three orders of magnitude.
Furthermore, the slopes of the corresponding R(T ) curves reveal a transition from insulating
(dR/dT < 0) to metallic (dR/dT > 0) behavior. As can be seen in figure 2.5 this effect occurs
continuously over the complete annealing range. Therefore, it cannot be explained by the
abrupt second phase transition into the hexagonal phase. Siegrist et al. [30] argued that
the observed metal-to-insulator transition (MIT) in Ge1Sb2Te4 originates in the increasing
degree of structural order within the crystalline phase. Within the early fcc-like phase the
random distribution on the cation sublattice creates a degree of configurational disorder,
which is sufficient to localize the electronic wave-functions at the band edges (Anderson
localization [32]). The localization vanishes as the material successively orders and the Fermi
energy EF crosses the mobility edge. Siegrist et al. further demonstrated that this is a generic
effect for all "mid-GST"-compositions with structural relaxation towards the hexagonal phase.
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(a) R(T ): GeTe (b) R(T ): Ge1Sb2Te4
Figure 2.5.: A very different behavior in R(T) upon annealing is observed in GST com-
positions. While GeTe in figure 2.5(a) displays a simple annealing scheme, Ge1Sb2Te4
(figure 2.5(b)) exhibits a pronounced dependency of R(T) on annealing temperature
including a transition from an insulator-like R(T)-slope to a metallic-like R(T). This
effect is generic for all mid-GSTs and is explained by a successive decrease in electronic
localization due to a decreasing degree of configurational disorder (see text). Both
diagrams were taken from [30].
GeTe-rich compositions on the other hand crystallize directly in the rhombohedral phase
and display a simpler annealing behavior similar to GeTe.
Further insight into electronic localization was provided by Zhang et al. [33] who performed
large-scale DFT calculations on the Ge1Sb2Te4 system (Ge125Sb250Te500 supercell). Localized
electronic states were reported within confined regions of 25-60 atoms that have a higher
probability of occurrence around small vacancy clusters. Further information on the elec-
tronic localization effects in phase-changes materials can be found within the theses of
P. Jost and H. Volker [34, 35]. Finally, additional fingerprints of disorder effects have been
verified at low temperatures by Breznay et al. [36], who reported weak anti-localization and
electron-electron interaction at low temperatures in Ge1Sb2Te4.
In summary, there is ample evidence for strong disorder effects that highly influence elec-
tronic transport properties of crystalline GSTs.
2.3.2. Threshold Switching and Resistance Drift
The last two electric phenomena presented here are observed in the amorphous phase.
When an electrical potential is applied to an amorphous PCM, at a certain threshold voltage
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Vth (typically of the order of 1 V) the electrical resistance instantly drops several orders
of magnitude and reaches values close to the crystalline phase. This phenomenon lies at
the heart of phase-change technology, as only this so-called "threshold switching" effect
allows for an efficient generation of Joule’s heat in the still amorphous material to initiate the
structural transition.
In contrast to threshold switching, the second phenomenon within the amorphous phase,
i.e. resistance drift, does not describe a beneficial effect (in terms of application). Over time,
the electrical resistance increases according to a power law. This steady drift of the electrical
resistance exacerbates the realization of a multibit phase-change cell, where several logical
states are stored exploiting the large resistance contrast. Currently, the physical origin of both
phenomena is still under discussion.
2.4. Thermal Properties of PCMs and the Structure of this
Thesis
At the end of this introduction to phase-change materials we shall devote a special section to
their thermal properties. Indeed, thermal properties of PCMs are highly relevant in almost
every aspect of their technological utilization including - but not limited to - power efficiency
and scalability. From the working principle in figure 2.1 it is immediately clear that only
precise thermal management can control the different phases of the active material. Under-
standing thermal properties aides in precise material selections and/or further tailoring of
material compositions and improved designs of the device’s cell-geometry. All of these factors
enhance the power-efficiency of the switching process. For instance, a low PCM thermal con-
ductivity in the crystalline phase helps to reduce the required power for the energy-expensive
RESET process. In addition, effective thermal insulation between adjacent phase-change
cells prevents "crosstalk", the thermal disturbance of a cell by a neighboring switching event.
This is crucial for further reduction of the geometrical cell size and the concomitant increase
of the bit density.
Furthermore, as the fast switching process is intrinsically challenging to access experimen-
tally, reliable data of the thermal conductivities and the thermal resistances of all involved
materials are mandatory for precise numerical simulations.
In addition to the above-mentioned technological aspects, the unconventional property
portfolio of PCMs also sparks a number of formidable scientific challenges. Two of them shall
be elaborated in more detail.
In section 2.2.2, it was mentioned that resonance bonding is weakened by distortions. Yet,
many phase-change materials along the pseudo-binary line generate intrinsic Peierls dis-
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tortions to reduce the crystal formation energy (e.g. [24] and references therein). Recent
DFT calculations revealed that the careful balance of these two effects in GeTe causes a
pronounced degree of anharmonicity for the atomic potential while the overall resonance
character of the bond prevails [17]. The resulting atomic potential displayed a flat, basin-like
shape with vanishing restoring forces upon small atomic displacements. Such a pronounced
degree of anharmonicity is expected to affect thermal transport of the crystal lattice as phonon
lifetimes are significantly lowered. So far, the degree of anharmonicity and its influence on
thermal properties in GSTs has not been adequately investigated.
The second challenge focuses on the pronounced role of disorder in crystalline phase-change
materials. Above, it was outlined that electrical transport properties are significantly influ-
enced by the degree of configurational disorder on the cation sublattice. This immediately
raises the question how phonon transport behaves under such disordered conditions.
Of course, the investigation of these two aspects fuels additional questions, such as:
How can thermal properties of PCMs be tailored? Are the unconventional thermal and elec-
tronic transport properties in PCMs valuable for other fields of application beyond data storage
technology?.
The thesis at hand aims at illuminating these aspects. To do so the remainder of this work is
designed as follows:
The investigation starts with a presentation of the lattice dynamics of GSTs (chapter 3). Here
data for the phonon density of states (PDOS) allows the calculation of the isochoric specific
heat capacity. In addition, high temperature differential scanning calorimetry (DSC) data are
presented giving experimental insight into the degree of anharmonicity.
This work then continues with the discussion of thermal transport properties (chapter 4
on 47), where the above findings aide in providing an explanation for the exceptionally low
thermal conductivities measured in crystalline GSTs.
Subsequently, the transport properties are completed by Seebeck data to allow an assessment
of the thermoelectric potential of GST compounds (chapter 5 on page 95).
Finally, all findings are summarized in chapter 6 (page 121).
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Lattice Vibrations and Specific Heat
The following chapter intends to lay the groundwork of this study by investigating the funda-
mental vibrational characteristics of phase-change materials and bridging these characteris-
tics with macroscopic thermal properties. Within a crystalline solid, the microscopic origin
of all lattice-governed thermal effects lies within the motion of the atoms. Several crucial
quantities such as the speed of sound, thermodynamic potentials or the specific heat can
be derived from these motions, i.e. the vibrational properties of the lattice. Such derivations
are outlined in the theoretical overview at the beginning of this chapter. Here, the phonon
dispersion curves and the phonon density of states (PDOS) are introduced followed by a
discussion of their relationship to the specific heat.
Then, the second part of this chapter focuses on the description of the two major experimen-
tal techniques, which were employed to gain insight into the quantities mentioned above.
Those techniques were inelastic neutron scattering to determine the PDOS and differential
scanning calorimetry (DSC) to measure the specific heat.
The data analysis and the discussion of the results are presented within the third part of
this chapter. The combination of the two experimental techniques allows us to elucidate an
interesting link between disorder and the anharmonicity of the atomic interaction potential
[37]. The chapter ends with an interpretation of this degree of anharmonicity within the
framework of resonant bonding.
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3.1. Theoretical Background
We start with a brief introduction to the theoretical concepts, which are employed in this
chapter. The following contents are well covered in standard textbooks such as [38, 39]. These
sources have been mainly used here and are thus also recommended for further reading.
Following the notation of Ibach and Lüth [38] we start with a crystalline system of r N atoms,
where r denotes the number of atoms per unit cell and N denotes the number of unit cells.
We assume a harmonic atomic interaction potential neglecting any anharmonic effects for
the moment. Balancing the forces on the atoms leads to a total of 3r N coupled equations
to describe their vibrations around the equilibrium positions. For periodic structures this
set of equations is typically decoupled by a plane-wave approach employing wave-vectors ~q
and frequencies ω. The allowed solutions for the equations of motion form the dispersion
branches ω(~q). The quantized vibrational modes are also regarded as quasiparticles named
phonons.
A simple yet insightful system, for which these phonon dispersion curves can be visualized is
the one-dimensional ball-and-spring model containing two types of atoms with masses m1
and m2. In this model the bonds between the atoms are described by a spring constant F .
Following [38] the solution for such a system is given by
ω2 = F
(
1
M1
+ 1
M2
)
±F
((
1
M1
+ 1
M2
)2
− 4
M1M2
sin2
qa
2
)1/2
, (3.1)
where a denotes the lattice constant, i.e. the distance between two atoms at equilibrium. The
two branches of equation 3.1 are plotted for a hypothetical linear chain of Ge1Sb2Te4 shown
as blue graphs within the left diagram of figure 3.1. The GST linear chain model is composed
of a Te atom located on one chain-site while a hypothetical atom, with the average mass of a
cation-like lattice site (including vacancies) is assumed for the second site. Using literature F
was approximated to be 70 Nm−1 [40] and an interatomic distance of 3 Å was assumed [41].
The left diagram of figure 3.1 illustrates the two classes of branches which can be distin-
guished: low energy acoustical branches with ω = 0 at the zone center (q = 0) and optical
branches with ω 6= 0 at the zone center. The slope of the branches determines the phonon
group velocity, i.e. the velocity with which thermal energy is transported within the system:
vg = dω
d q
. (3.2)
Acoustic modes typically exhibit steeper slope than the optical modes. This results in high
acoustic group velocities enabling them to carry the lion’s share of thermal energy. The low
q-limit for acoustic vibrations is commonly approximated by a linear dispersion relationship,
which determines the speed of sound vs : ω/q = vs . The contribution to thermal transport
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by optical modes is typically neglected in most systems as they are much more shallow.
Recent DFT calculations however indicate that optical modes may carry up to 22 - 25 %
of the total heat in certain systems, i.e. lead-chalcogenide systems [42]. Obviously, for
the understanding of thermal transport properties presented later in this study (chapter
4) it would be extremely insightful if one could directly access the GST dispersion-curves
by experiment. Unfortunately, such an experiment requires bulk, single crystals of high
purity, e.g. triple-axis spectroscopy (TAS) using inelastic neutron scattering [43, 44]. Any
currently accessible sample-type of (meta-stable) crystalline GSTs is not suitable for such
measurements.
Figure 3.1 includes some alternative attempts to approximate the ω(q)-curves of phase-
change materials. The phonon branches can be obtained by rescaling of the curves according
to the masses assuming the unknown compound is reasonably comparable in force constants
and crystallographic structure. Ma et al. used such an approach to determine the dispersion
for AgSbTe2 using known PbTe data [45]. The dependency of the dispersion relation on
the masses can be easily demonstrated using the ω-values at the zone-edges. Here, the
frequencies are proportional to M−1/2 as indicated in figure 3.1. The zone-center ω value of
the optical branch similarly depends on the reduced mass µ−1/2, with 1/µ = 1/M1+1/M2
[38]. Hence, a heavier mass lowers the branch in energy.
Following the procedure of Ma et al. for GSTs results in the left side of figure 3.1. Here, the
acoustic branches along the [001]-direction for Ge1Sb2Te4 (orange curves) calculated from
the rescaled original rocksalt AgSbTe2-ones are displayed. A second alternative to obtain
ω(q) is the direct calculation by means of density functional theory (DFT). The result of
such a calculation is depicted by the green curves in figure 3.1 (also [001]-direction). Both
approaches reveal much flatter acoustic branches for Ge1Sb2Te4, mostly below 5 meV, as
compared to the simple linear chain model. Note that the full DFT phonon spectrum is shown
within the right diagram of figure 3.1 (taken from [5], page 135). These calculations reveal
a rich spectrum, which is governed by numerous flat optical modes and provide an idea of
the complexity of the phonon dispersion curves in GSTs. Currently, no other comparable
DFT-calculation of the phonon dispersion in GSTs is known to the present author.
3.1.1. The Phonon Density of States
As the dispersion curves ω(~q) of GSTs are currently not available from experimental determi-
nation, the density of phonon states g (ω) becomes an extremely valuable quantity to gain
insight into the vibrational characteristics of a phase-change material. g (ω)dω represents
the number of allowed phonon states within the frequency interval ω+dω. It forms the
basis for various microscopic and macroscopic quantities, e.g. the specific heat or atomic
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Figure 3.1.: Different models for the phonon dispersion spectrum in Ge1Sb2Te4 are
shown on the left hand side. Blue graphs denote a simple one-dimensional ball-and-
spring model as solved by equation 3.1, which aides in illustrating the main features
of the dispersion curves. The orange and green curves represent approximations for
the acoustic branches in Ge1Sb2Te4 along the [001]-direction. They were obtained
by rescaling known AgSbTe2 data taken from [45] (orange) or direct DFT-calculation
(green), taken from [27].
The full DFT-calculated spectrum is shown to the right, illustrating the complexity
of the vibrational properties in GSTs and revealing a majority of rather flat optical
phonon branches (also from [27]).
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force constants, which can be directly calculated from g (ω). In contrast to the dispersion
relationship, the phonon density of states can be directly measured by time-of-flight (TOF)
neutron spectroscopy as described later within the experimental section of this chapter.
Historically, Peter Debye developed one of the first models for the distribution of phonon
modes. The Debye model works under the assumption of solely acoustic phonon modes
with linear dispersion relations (two transversal and one longitudinal branches with the
corresponding sound velocities vT and vL). This leads to a density of phonon states, which is
proportional toω2. The Debye-frequencyωD is defined as the frequency where the maximum
number of possible states, 3r N , is reached [38]:
ωD∫
0
V
2pi2
(
1
v3L
+ 2
v3T
)
ω2dω
!= 3r N . (3.3)
Here V denotes the system’s volume. Because of equation 3.3, ωD marks the upper limit of
vibrational frequencies, thus g = 0 for ω>ωD . We note that the Debye cut-off frequency ωD
is equivalent to the Debye temperatureΘD through ~ωD = kBΘD .
Integration of equation 3.3 and rearranging the terms leads to
ω3D = 3n ·2pi2
=v3s︷ ︸︸ ︷
3
(
1
v3L
+ 2
v3T
)−1
(3.4)
−→ωD = (6pi2n)1/3vs . (3.5)
In this context, n denotes the atomic number density n = r N/V . Equation 3.5 nicely illustrates
the direct relationship between ωD and the mean speed of sound vs (as defined in equation
3.4). Furthermore, using q = (6pi2n)1/3, it demonstrates the strictly linear dispersion which is
assumed within the Debye-Model.
Clearly, real crystals with a complex dispersion relationship as exemplified by figure 3.1
will exhibit significant deviations in g (ω) from the Debye density of phonon states given
by equation 3.3. With the inclusion of real crystal’s optical phonon modes, it cannot be
expected that g (ω) vanishes at a certain cut-off frequency, which is solely determined by
linear acoustic modes. Despite of these drawbacks, the Debye model remains to be valuable
in the description of acoustic modes and as a first step in the theoretical description of lattice
vibrations.
For any experimental g (ω) shown here, the following normalization is chosen
∞∫
0
g (ω)dω= 1, (3.6)
which gives exactly 3r N g (ω)dω allowed frequencies in a frequency range from ω to ω+dω.
Although the overall density of states does not follow the Debye PDOS, the low energy side of
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g (ω), which is governed by acoustic phonons, may exhibit the classicalω2 behavior. Therefore,
several properties can be determined from an analysis of the acoustic side of the DOS based
on the Debye framework. For GSTs, acoustic phonon modes are expected below 7 meV [40]
which is in reasonable agreement to the DFT calculation and our rough approximation from
mass-rescaling from above (figure 3.1). A value for the Debye temperatureΘD is obtained by
fitting the Debye relation to the low energy phonons [40]:
g (ω)acoustic = 3 ω
2
ω3D
. (3.7)
However, one important remark has to be mentioned when this analysis is performed. It has
been stated in literature, that the exactΘD value should only be determined by precise heat
capacity measurements at low-temperatures (e.g. as pointed out by Ashcroft and Mermin
[46]). Thus, although a value for the Debye temperature can be obtained from the low energy
side of g (ω), it will be treated here as an estimate.
After establishing g (ω), we shall now proceed with the discussion of the thermal proper-
ties that can be directly related to the distribution of vibrational states. The thermal energy
²(ω,T ) of a single harmonic oscillator is given by
²(ω,T )= ~ω
(
1
2
+ 1
exp( ~ωkB T )−1
)
. (3.8)
The first term in equation 3.8 denotes the zero-point energy while the second term can be
regarded as the thermal contribution of phonons which follow the Bose-Einstein statistics.
The total internal energy U (T ) of such a system can be written as
U (T )= 3r N
∞∫
0
²(ω,T )g (ω)dω (3.9)
from which the following expression of the specific heat Cv can be derived (equation 3.8
inserted):
Cv = ∂U
∂T
= 3r N
∞∫
0
1
kB
(~ω
T
)2 exp( ~ωkB T )(
exp
(
~ω
kB T
)
−1
)2 g (ω)dω. (3.10)
At last, the interatomic force constants F are calculated from the second moment of the PDOS
as used in [40]
F =M
∞∫
0
g (ω)ω2dω. (3.11)
Here, M denotes the average mass of the participating atoms.
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3.1.2. Anharmonicity and the Specific Heat
So far, the treatment of the above thermodynamic properties was completely restricted to the
harmonic approximation. As a consequence, any Cv (T ) calculated from equation 3.10 will
naturally approach the classical Dulong-Petit limit at high temperatures. The Dulong-Petit
model assumes a constant value of 3kB for each oscillator and thus predicts a temperature
independent Cn ≈ 24.9 JmolK . Assuming negligible electronic effects and no further degrees
of freedom for the oscillating entities, any excess in specific heat above this limit can be
ascribed to anharmonicity. A.J. Foreman describes such an effect in his 1962 review ([47]
and references therein). In this work the simplest anharmonic atomic potential is covered,
where the Taylor expansion series of the interatomic potential V (x) is truncated after the
fourth-order term1:
V (x)= 1
2
ax2+bx3+ cx4. (3.12)
Foreman demonstrates that this anharmonic expansion results in an additional contribution
to the heat capacity, ∆C (per atom), which is linear in temperature:
∆Cp
3kB
=
(
−6ckB
a2
+ 15b
2kB
a3
)
T. (3.13)
Equation 3.13 is derived for the classical, high temperature limit, where each vibrational
mode can be treated individually as a localized mode. Such localized modes with a fixed
frequency ωE are also commonly known as Einstein oscillators.
The derivation of ∆C must not be limited to simple potentials of equation 3.12. A classic
approach based on thermodynamics to calculate ∆C for a potential of arbitrary shape is
outlined in the following. Under the assumption of individual Einstein oscillators with an
anharmonic potential Vah the Hamiltonian is written as:
H = p
2
2m
+Vah. (3.14)
Consequently, the partition function Z follows as
Z =
∫
d 3p
∫
d 3x e−βH =
(
2pim
β
) 1
2
∫
d 3xe−βVah(x) (3.15)
with β= 1kB T . Once Z is known all other thermodynamic functions of state can be in principle
calculated, e.g. [48].
U =−d ln Z
dβ
or F =−kB T ln Z etc. (3.16)
As a final remark of this section, we note that electrons can contribute to the total amount
of specific heat as well, which is why we have excluded them from our considerations at the
1A potential truncated after the third-order term leads to undesirable negative-infinity potential energies.
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beginning of this section. Similar to the anharmonic contribution of the lattice, their share is
linear in T and can be written as [38]:
cv,el ≈
pi2
3
D(EF )k
2
B T (3.17)
= pi
2
2
nk2B
T
EF
(3.18)
where D(EF ) = 32 nE−1F marks the electronic density of states of the free electron gas at the
Fermi energy EF . Within metals the linear dependency in T typically dominates the heat
capacity at low temperatures. Accordingly for GST systems, it will be demonstrated below
(see figure 3.7(b)), that the electronic contribution can be neglected within the relevant
temperature range of this investigation.
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3.2. Sample Preparation and Measurement Techniques
In contrast to the thin film samples described in the following chapters, powder-type GST
samples were used here. This motivates a brief outline of the employed preparation proce-
dure for these samples. Please note that further information on the sputtering process is
presented in chapter 4 on page 60, where preparation of thin films is presented.
The most important experimental techniques, which have been employed to obtain the re-
sults of this chapter are inelastic neutron scattering (INS) and differential scanning calorime-
try (DSC). Both methods require large quantities of sample material, which strongly exceed
the common thin-film masses that are typically attained. Each DSC experiment requires 30 -
50 mg of sample material and approximately 1 g of GST powder for each structural phase is
needed for inelastic neutron scattering. Given such a high demand of material resources and
preparation time combined with the fact, that neutron experiments have been performed
off-site (see below), only Ge2Sb2Te5 as a prototype composition was selected to be investi-
gated by neutron scattering during the course of this thesis. In order to create the required
amount of powder of the sample material, thick layers (with thicknesses between 1µm - 2µm)
were sputter deposited from stoichiometric targets onto glass substrates or thin spring steel
substrates. Subsequently, the material was removed from the substrates under an exhaust
hood, either by gentle scratching with a spatula (glass substrate) or by slowly bending the
substrate (steel). The latter substrate-type offers some handling advantages as the bending
causes the material to crumble away by itself. This procedure was repeated several times
until the necessary quantity of material was obtained. Afterwards, the extracted material was
treated in a mortar resulting in a finely grounded powder. For all investigated samples the
obtained powder was in the amorphous phase as verified by X-ray diffraction (XRD) mea-
surements using the Cu Kα-radiation of a Philips XPert X-Ray diffractometer. Whereas the
material crystallized in situ during DSC measurements, a fraction of the Ge2Sb2Te5 powder is
crystallized prior to the neutron scattering experiment in a tube oven under Ar atmosphere.
The institute’s standard annealing procedure was followed (Tset=185°C and 30 min holding
with a heating ramp of 5 K/mins, see e.g. [49]) to crystallize the powder into the rocksalt-like
phase.
3.2.1. Inelastic Neutron Scattering
The neutron scattering experiments were performed at the IN4C beamline of the Institute
Laue-Langevin (ILL), an international neutron science research center located in Grenoble,
France. The IN4C instrument is a high-flux time-of-flight (TOF) spectrometer within the
thermal energy range of neutrons (10 - 100 meV) and thus, ideally suited to determine the
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density of vibrational states in polycrystals [50]. A schematic drawing of the experiment is
shown in figure 3.2. The incident "white" neutron beam is monochromatized in two steps. At
first, two background choppers serve as low pass filters to reduce the noise from high-energy
neutrons and γ-rays. Then, a monochromator assembled from several crystals is used in the
second step. The assembly of the crystals allows the precise selection of a suitable neutron
wavelength via the corresponding Bragg reflections. The monochromatized neutron beam
is divided into short pulses by the Fermi Chopper, a fast rotating collimator (40000 rpm).
Only neutrons in parallel to the actual collimator position are able to pass. Subsequently, the
neutron beam pulses reach the sample and the neutrons are scattered by interactions with
the sample’s phonons hereby transferring momentum and energy:
±~Q =~ki −~k f (3.19)
±E = Ei −E f =
~2
2m
(~k2i −~k2f ). (3.20)
Here,~ki denotes the incoming neutron wave-vector,~k f the scattered one. A positive sign in
equation 3.20 marks the creation of a phonon within the sample, a negative sign represents
phonon annihilation. The scattered neutrons are once more collimated a the radial collimator,
in order to reduce noise scattering from the sample environment. Afterwards the neutrons
are captured by a bank of 3He detector tubes. The geometrical arrangement of the detectors
enables the detection of neutrons up to a scattered angle 2θ of 120° as well as direct forward
scattering.
The TOF spectrum is given by the double differential cross-section
d 2σ
dΩdE
, (3.21)
which is the number of neutrons scattered into a solid angle dΩwith an energy E +dE per
unit time. If the following inequality is fulfilled by the experimental conditions
(Qmax−Qmin)À 2pi
d
, (3.22)
where d denotes the average atomic spacing within the sample and Qmax,min represents the
maximum/minimum momentum transfer within the experiment, the incoherent approxi-
mation can be applied, which allows the determination of the PDOS from the differential
cross-section as demonstrated by Reichardt et al. [51]. The analysis starts with the sinθ-
weighted, angle-integrated TOF-spectrum:
dσ
dE
=
θmax∫
θmin
d 2σ
dΩdE
sinθdθ (3.23)
=
Qmax∫
Qmin
d 2σ
dΩdE
Q
ki k f
dQ. (3.24)
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Within the incoherent approximation, the generalized phonon density of states g (E) can be
determined from
dσ
dE
= ~
2
8pik2i
· 1
E(e−E/kB T −1) (Q
4
max−Q4min) ·
1
M
g (E). (3.25)
Here, the sample’s mass M is averaged according to the concentration c j of the individual
atomic species j and the element specific neutron coherent scattering cross-sections σs :
M =∑
j
α j M j (3.26)
with
α j =
c jσ j /M j∑
k ckσk /Mk
. (3.27)
The σs-values are element specific. For GST-relevant elements the following values can be
found in literature (all σs given in barn and taken from [23], page 23): 8.4 for Ge, 4.0 for Sb
and 3.7 for Te. Note, that due to its higher cross-section, the influence of Ge is overrated
within the PDOS. For Ge2Sb2Te5 this may cause uncertainties of the order of 10%.
Prior to the measurement Ge2Sb2Te5 powder is filled into aluminum pouches and care-
fully distributed to cover the 2 cm × 4 cm beam-illuminated area. An identically prepared,
empty aluminum pouch is used as a reference in order to subtract the contribution from Al
neutron scattering. Two measurement campaigns were conducted at the ILL, in which the
densities of phonon states at 300 K and at 20 K were measured for amorphous and meta-
stable Ge2Sb2Te52. The room temperature density of phonon states was extracted from the
anti-Stokes side (phonon annihilation) using neutrons with a wavelength of 2.4 Å. The low
temperature data was conducted on the Stokes side (phonon excitation) using combined
experimental data sets from neutrons with 1.2 Å and 1.6 Å, respectively. The measured data
was treated on-site using the ILL internal Large Array Manipulation Program (LAMP) [52].
For the high temperature campaign, additional multi-phonon excitations were subtracted
from the data according to the procedure by Reichardt [51].
3.2.2. Differential Scanning Calorimetry
In contrast to the neutron scattering experiments, all heat capacity measurements were
performed on-site at the Ist Institute of Physics (IA). A proprietary differential scanning
calorimeter (Diamond DSC by PerkinElmer) was used to determine the specific heat capacity
2Several scientists from the I. Institute were involved in these campaigns listed under the ILL proposal numbers
6-05-804 and 6-05-848. Sample preparation and experiments were carried out by P. Merkelbach and P. Zalden
(first campaign) and by P. Zalden and the present author (second campaign).
27
Chapter 3: Lattice Vibrations and Specific Heat
Figure 3.2.: Schematic drawing the IN4C instrument at the ILL in Grenoble, France.
This time-of-flight spectrometer uses thermal neutrons whose energy can be selected
with a curved monochromator. It is ideally suited to determine the density of phonon
states for polycrystalline samples. Two experimental campaigns were performed at
this instrument to measure the PDOS of Ge2Sb2Te5 powder-samples at 20 K and at
300 K, respectively (see text). This figure was taken from the ILL webpage [50].
Figure 3.3.: Operation principle of a power-compensated DSC: two aluminum pans
are heated simultaneously. One contains the specimen, one is empty for reference. For
each pan the heating power is adjusted to keep their temperature difference 0. The
difference in heating power is determined by the heat capacity of the specimen.
28
3.2. Sample Preparation and Measurement Techniques
under constant pressure, Cp , of the PCM powder sample. The basic operation principle of this
measurement technique is sketched in figure 3.3. Within the apparatus two precise ovens are
heated simultaneously, one containing an aluminum pan filled with the specimen (sample)
while the other oven contains an empty pan (reference). The exact mass of the specimen
is determined before and after the experiment using a high precision Mettler Toledo UMT2
microbalance. During the measurement the heating power for each pan is adjusted in order
to keep the temperatures of the two ovens on an equal level (power compensated DSC). The
difference in power ∆P (t ) which is applied to uphold ∆T = 0, determines the heat capacity of
the specimen.
The so-called "Dual Step" protocol [53] was employed to measure Cp . In the first step a
specifically designed temperature sequence was applied to two empty Al-pans, determining
the differential power Pref,1(t). Then, the sample pan was filled with PCM powder (30 - 50
mg) and the annealing sequence was repeated to obtain Psample(t). Finally, the PCM-pan
is removed and replaced by another Al-pan of known weight. Then, a last reference run is
conducted yielding Pref,2(t). The temperature sequence, which was used for all three runs,
was composed of the following 4 steps:
1. Heating with a rate of 10 K/min,
2. Isotherm with a holding time of 1 min,
3. Cooling with 10 K/min rate and finally
4. another isotherm with a holding time of 1 min.
The heat capacity C is calculated from the power differences according to
C (T )=
∫
∆P (t )
∆T
d t . (3.28)
Within the dual step protocol, ∆P (t ) is defined as
∆P (t )= Psample(t )−
1
2
· (Pref,1(t )+Pref,2(t ))−∆Cp,Al(T ) ·
dT
d t
+P0. (3.29)
When chemical reactions are absent within the specimen, P (t )= 0 is valid during step 2. and
4. of the temperature sequence. The third term in equation 3.29 represents the heat capacity
of the mass differences between the Al pans and P0 marks the drift in the baseline of the
DSC. Thus, with a given Cp,Al(T ) the above equations can be evaluated to determine the heat
capacity of PCMs.
Finally, we note that the experimental resolution is limited around Tc , where the latent
heat of crystallization overlaps the data. Therefore, all data points in a temperature interval
Tc −20K < Tc < Tc +10K were discarded in the data analysis.
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3.3. Experimental Data and Analysis
In the following the experimental findings will be presented and analyzed. The presentation
starts with the results of the inelastic neutron scattering experiments on Ge2Sb2Te5 and
continues with a discussion of the specific heat in compounds along the pseudo-binary
line.
3.3.1. The PDOS of Ge2Sb2Te5
Figure 3.4 depicts the measured phonon density of states of Ge2Sb2Te5 for the as-deposited
(blue) and for the rocksalt-like phase (red). Currently only few information - either by DFT
calculation or by experiment - on the phonon density of states of GSTs is available in literature.
A pioneer study in this field was performed by Matsunaga et al. [40] in 2011. This group
investigated a different GST composition, namely Ge1Sb2Te4, at 20 K by means of Nuclear
Inelastic Scattering (NIS), an X-Ray based scattering method performed at the ESRF. The NIS
technique relies on the excitation of Mößbauer active atoms, namely 121Sb and 125Te, from
which the element specific partial density of phonon states can be obtained (see also [23] and
references therein). In contrast to [40], the data presented here cover the full PDOS of a GST
including the contribution of Ge.
All curves in figure 3.4 have been normalized according to equation 3.6. As mentioned be-
fore, the high-temperature data were treated according to the procedure of Reichardt et al.
[51] in order to subtract the contribution of multi-phonon scattering. For both phases the
low-temperature data measured at 20 K nicely reproduce the features of the g (E) at room-
temperature. With increasing temperature, only a subtle mode-softening i.e. a shift towards
lower energies, is observed for optical phonons (e.g. visible within the dip around 15 meV
for the crystalline curves). It can be concluded that temperature has only little influence on
the overall g (E) in the range from 20 K - 300 K. Given the slightly higher noise level of the
cooled curves which can be observed at higher energies (> 25 meV), it is sufficient to focus
the discussion on the behavior of the ambient curves.
If the focus of the analysis moves from the effect of temperature within a single phase to the
differences of the phonon spectra between two phases, then interesting effects come to light.
At first sight, the low and high energy endpoints of the PDOS display opposite trends upon
crystallization. The energy of the acoustic modes increases, i.e. modes harden, when the
compound enters the crystalline phase, while the optical modes are simultaneously lowered
in energy, i.e. mode softening is observed. The overall softening of the optical modes can be
quantified by calculating the energy’s center of mass for both curves, which decreases from
15.3 meV for the amorphous phase to 14.6 meV for the rocksalt-like crystal. This so-called
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Figure 3.4.: The density of phonon states in amorphous and meta-stable crystalline
Ge2Sb2Te5 measured at the IN4 instrument of the ILL. Both g (ω)-curves are normal-
ized and data measured at 300 K was corrected for the multi-phonon contribution
[51]. Both phases display only a slight mode softening upon increasing temperature.
Upon crystallization the low energy acoustic modes harden (elastic hardening) while
the optical modes move to lower energies (vibrational softening).
elastic hardening - vibrational softening effect was first reported by Matsunaga et al. [40] for
the partial PDOS of Sb and Te and it is verified by figure 3.4 for the full phonon spectrum.
In foresight of the peculiar thermal transport properties of the meta-stable crystalline phase,
which are presented in chapter 4), it is interesting to take a closer look at the crystalline g (E)
and compare it with equivalent experimental data for similar tellurides. Figure 3.5 displays
the normalized g (E ) of several tellurides including known thermoelectric compositions such
as PbTe and AgSbTe2. These compositions are renowned for their low thermal conductivity
within the crystalline phase. The presented curves of Pb125Te, Sn125Te and Ge125Te were
obtained by NIS which requires the use of Mößbauer-active isotopes of the group IV elements.
The data were taken from the work of Pereira et al. [54]. The g (E ) for AgSbTe2 was determined
by INS and taken from a recent publication of Ma et al. [45].
We note that Ge2Sb2Te5 exhibits a much flatter g (E), revealing a higher number of phonon
states at optical energies above 19 meV. As mentioned in the beginning of this chapter, opti-
cal modes are characterized by a low phonon group velocity and hence, do not contribute
significantly to thermal transport. In addition, Ge2Sb2Te5 and GeTe reveal a low density of
phonon states at energies below 4 meV which are crucial for thermal transport by acoustic
modes. Therefore, GSTs have less acoustic phonons available for thermal transport but a
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Figure 3.5.: Some interesting observations can be made by comparing the g(E) curves
of several crystalline tellurides. In comparison to other materials, Ge2Sb2Te5 exhibits
a flat PDOS that expands to higher, optical energies (above 19 meV, shown to the
left). In addition, a low number of acoustic phonon states is observed below 4meV
(right). Both findings already point at small thermal transport coefficients (see text).
The NIS data of Mößbauer-active Pb125Te, Sn125Te and Ge125Te were taken from
[54]. INS AgSbTe2-data was taken from [45]. Where necessary the PDOS have been
(re-)normalized according to equation 3.6.
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Figure 3.6.: Determination of the Debye temperature ΘD by fitting the low-energy
acoustic region of the PDOS according to the Debye Model. Here, the density of phonon
states is plotted versus ω2 facilitating the use of a linear fit according to equation 3.7.
The Debye frequency ωD is obtained from the slope.
larger spectral range for opto-acoustic phonon scattering. Therefore this comparison of
the different densities of states indicates reduced thermal transport coefficients in GSTs
even when compared to thermoelectric compounds with small thermal conductivities. The
examination of these indications however, will be the main subject of the next chapter 4.
The analysis of the acoustic phonons is presented in figure 3.6, where the low frequency g (ω)
is plotted against ω2, facilitating a direct investigation of the acoustic phonons within the
Debye Model. A linear model according to equation 3.7 was fitted to the low-energy modes
in order to obtain the Debye TemperatureΘD and sound velocities vs . All calculated values
are compiled in the first two rows of table 3.1. For comparison, the numbers calculated
by Matsunaga et al. are listed as well. Both data sets are consistent as they reproduce the
same trends upon crystallization. The effect of elastic hardening is quantified within the
increase ofΘD from 111 K to 152 K and the concomitant increase of the mean sound velocity
vs calculated from equation 3.5.
The results for the force constants F according to equation 3.11 are also presented in table
3.1. Here, an astonishing finding of [40] is reproduced, which is the decrease in F upon crys-
tallization. As F is calculated from the second moment of the PDOS, it is strongly influenced
by optical modes. Hence, their vibrational softening upon crystallization accounts for the
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Table 3.1.: Summary of the Ge2Sb2Te5 properties that were determined from the PDOS.
In order to calculate the sound velocities from equation 3.5 in the last column, the
corresponding atomic number densities n were taken from [23]. For comparison the
results obtained in [40] are presented in the lower part of the table. These values have
been measured using Nuclear Inelastic Scattering (NIS) at the ESRF. Both data sets are
consistent as they reproduce the same trends upon crystallization. However, due to
the higher influence of Ge in the neutron data (see page 27), these values may exhibit
minor variations and should be treated as estimates.
ΘD [K] F [N /m] vs [m/s]
Ge2Sb2Te5 amorphous (full, this study) 111 ± 8 135 ± 7 1190
Ge2Sb2Te5 rocksalt-like (full, this study) 152 ± 10 100 ± 5 1580
Sb Te Sb Te
Ge1Sb2Te4 amorphous [40] 131 120 97 ± 4 84 ± 4 -
Ge1Sb2Te4 crystalline [40] 153 151 74 ± 4 68 ± 4 -
decrease in F . This uncommon result is further evidence for the extraordinary change in bond
mechanism upon crystallization going from strong covalent bonds in the amorphous phase
to resonant bonds (see section 2.2.2). This change in bond character is expected to cause
weaker bonds and anharmonicity within the crystalline phase. The data experimental data
corroborates this argumentation as the weakening of the bonds is verified by the observed
reduction in F .
3.3.2. Specific Heat Measurements
In the following we will further elucidate the anharmonicity of the interaction potential. So
far, no substantial sign of anharmonicity was observed in the temperature dependence of the
phonon density of states. However, the influence of anharmonicity will be most perceivable
within the temperature behavior of the phonon dispersion ω(q) which does not necessarily
require significant changes within the overall density of states g (ω). Thus, another mea-
sure is required which has the ability to verify anharmonic effects. This quantity should be
measurable at elevated temperature and in dependence of T as any anharmonic effect is
expected to increase with increasing temperatures. A suitable match to these requirements is
found within the determination of the specific heat C . As outlined in section 3.1.2 the specific
heat is a well-suited measure to detect anharmonic effects, which manifest themselves in
an enhancement over the classical Dulong-Petit limit. A second advantage is provided by
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the ability to calculate the specific heat within the harmonic framework from the measured
PDOS as demonstrated in section 3.1.1. Therefore, it is possible to relate the specific heat
measurements to the neutron data presented so far and to quantify any deviation between
the harmonic theory and experimental DSC data below the high temperature Dulong-Petit
limit.
For Ge2Sb2Te5 the combined results of the harmonic approximation from neutron data
(blue and orange curve) and the high-temperature DSC results (green data points) are de-
picted in figure 3.7(a). The calculated C (T )s from equation 3.10 for the amorphous and
the crystalline phase are consistent with the classical Dulong-Petit value of 24.9 J/molK in
the high-temperature limit. Interestingly, the calculations predict a crossing point of the
amorphous and rocksalt-like heat capacity around 50 K (indicated by a dashed line). The
crossing effect can be explained as a consequence of elastic hardening and vibrational soft-
ening upon crystallization. At low temperatures the higher number of acoustic states in the
amorphous phase create a higher heat capacity as compared to the crystalline phase. Yet,
in the crystalline phase, the vibrational softening of the optical modes creates an enhanced
number of phonon states in the mid-energy range. This causes a stronger increase in specific
heat with temperature and the two curves cross. In passing we note that as the crossing in
C is an indication of vibrational softening, it would be attractive to investigate this effect
directly using low temperature heat capacity measurements.
In contrast to the harmonic model from neutron data, the DSC results between 325 K and 700
K for Ge2Sb2Te5 (green data points) reveal a significant enhancement of C over the classical
limit (orange line) at elevated temperatures. This phenomenon is observed upon heating
(red arrow) as well as subsequent cooling (blue arrow). The abrupt changes in C within the
heating curve around 400 K and 600 K indicate the latent heat of the two phase transitions
associated with crystallization and the cubic-to-hexagonal structural change.
Before we continue with the discussion, we shall quickly elaborate, why both data sets can be
legitimately compared in the present form, even though equation 3.10 calculates the specific
heat at constant volume while the calorimeter determines Cp . In fact, the equality between
Cp and CV follows the harmonic approximation used for the modeling from the INS data.
This can be verified by the following, well-known equation:
Cp −CV =
Tα2VEmmol
KTρ
(3.30)
(see for instance [55], p. 145). Here, αVE denotes the coefficient of thermal volume expansion,
KT the sample’s compressibility, mmol the average molar mass and ρ the density. Obviously,
the right hand side of equation 3.30 vanishes in the harmonic limit as αVE = 0. Hence, for a
harmonic solid Cp =CV is valid, which enables our direct comparison in figure 3.7.
The pronounced enhancement within the heat capacity cannot be accounted to electronic
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Figure 3.7.: The specific heat of Ge2Sb2Te5 calculated from neutron data employing
the harmonic model (blue and orange) and measured from a DSC temperature cy-
cle (green data) at elevated temperatures. The direction of the temperature cycle is
indicated by the red (heating) and the blue (cooling) arrow. The DSC data reveal a
pronounced anharmonic enhancement in C over the classical Dulong-Petit limit.
Figure 3.7(b): The enhancement in C of the DSC data cannot be attributed the in-
crease in electronic heat capacity which is concomitant with an increasing σ. The
calculation for the hexagonal phase demonstrates that CV ,el . is only relevant below
2K (inset, see text).
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effects as demonstrated by figure 3.7(b). The charge carrier density n and the Fermi energy
EF were taken from Siegrist et al. [30] to estimate the electronic contribution to the specific
heat according to equation 3.18. The electronic values of the stable hexagonal phase were
chosen, which is expected to exhibit the highest electronic contribution to CV due to the
elevated electronic conduction. Nevertheless, the result of the calculation reveals a negligible
CV,electrons for the complete experimental temperature range (e.g. 0.2 % at room temperature).
Significant electronic contributions can be only expected at temperatures below 2 K as shown
in the inset of figure 3.7(b).
It is therefore plausible to relate the enhancement of C for Ge2Sb2Te5 at temperatures above
320 K to anharmonic effects of the interatomic potential.
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The pronounced anharmonic enhancement of Cp is not only observed in Ge2Sb2Te5 but
in all investigated phase-change materials as shown in figure 3.8. Here, the DSC heating
curves for numerous GST compounds along the pseudo-binary line are shown. Above 325
K, all compounds display an enhanced heat capacity over the classical Dulong-Petit limit
of 24.9J/molK which is marked by the abscissa of figure 3.8. All data on display represent
the first annealing of an initially amorphous compound which is why several peaks in Cp
associated with the latent heat of the phase transition are observed. The temperatures
for any post-crystallization phase transition are indicated along the upper horizontal axis,
where the corresponding stoichiometry is denoted by the amount of GeTe, x, within the
(GeTe)x :(Sb2Te3)1−x compound. The corresponding cooling curves to the data of figure 3.8
are shown in figure 3.9. These curves also exhibit an enhancement in C and resemble each
other in cooling behavior. However, in the case of figure 3.9 reversible transitions that occur
in GeTe or GeTe-rich compounds have to be taken into account, e.g. the prominent peak
at 680 K for GeTe, which is ascribed to the reversible ferroelectric phase transition. These
reversible transitions are found in GeTe and Ge8Sb2Te11 and will not be treated here. Yet,
further information on this issue can be found in the supplement at the end of this thesis.
From figure 3.8 and figure 3.9 several important observations can be readily made as listed in
the following:
1. The heat capacity Cp (T ) upon first heating is strongly elevated above the C (T ) upon
cooling (and successive annealing).
2. Even upon cooling within the stable trigonal phase, C (T ) exceeds the classical Dulong-
Petit limit.
3. The additional contribution to the specific heat, ∆C is further investigated at 468 K
(dashed grey line in figure 3.8). This temperature was chosen as all compounds are
within their cubic like crystalline phase and are reasonably distant from subsequent
phase transitions. As can be seen from the inset in figure 3.8, the excess in C (T ) strongly
correlates with the stoichiometry of the material.
4. At low temperature around 325 K only minor deviations from the Dulong-Petit limit
are observed. From figure 3.9 it can be inferred that all curves approach a generic
behavior in C at temperatures below 325 K and can be reasonably approximated with
the harmonic model.
Interestingly, the changes in C between first and subsequent annealings have been reported
before by Kuwahara et al. [57]. It was noted that for Ge2Sb2Te5 the initial results were not
reproducible in subsequent annealing steps. As a consequence, in [57] the first data upon
annealing were simply discarded without any attempt to interpret this effect.
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Figure 3.9.: Specific heat versus temperature upon cooling starting from the stable
crystalline phase. Except for the prominent feature of the GeTe-curve, all GSTs display
a similar cooling behavior (with the blue line from figure 3.8). The GeTe-feature is
attributed to the ferroelectric phase-transition, which is present in GeTe and GeTe-rich
PCMs [56]. Within the stable crystalline phase, GSTs also exceed the Dulong-Petit
limit marked by the abscissa.
Here, an explanation is proposed based on the anharmonicity of the atomic interaction po-
tential. Before proceeding, it is important to distinguish between irreversible and reversible
contributions to∆C , both of which are apparent from the difference between the first heating
curve towards a given temperature and any other subsequent annealing steps at or below
this temperature. The two contributions can be disentangled experimentally by repeated
heating cycles (of the same sample) with successively increasing annealing temperatures.
Such experiments were performed on Ge1Sb2Te4, Ge2Sb2Te5 and GeTe where Tanneal was
raised with an increment of 50 K. The cycling started at 350 K and was repeated until the
ternary alloys reached their stable hexagonal phase. For GeTe care was taken to remain
well below 700 K in order to avoid effects associated with the reversible ferroelectric phase
transition (see figure 3.9).
The results of the heating cycles are shown in figure 3.10. A striking difference in annealing
behavior is observed between GeTe and the two ternary alloys. The latter, Ge1Sb2Te4 and
Ge2Sb2Te5, exhibit an elevated heat capacity upon first heating which irreversibly vanishes
upon subsequent annealing cycles. All cooling curves (blue) approach the generic behavior
shown in figure 3.9. This remaining excess in specific heat over the Dulong-Petit limit is
thus associated with a reversible enhancement in ∆C . Hence, this contribution must be
an intrinsic feature of the relaxed atomic interaction potential which even prevails in the
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Figure 3.10.: Several annealing cycles are performed on different GST-compounds to
disentangle the irreversible and the reversible enhancement in C within the crystalline
phase. Data points measured upon annealing are shown in red, points upon cooling
in blue. Grey data denote amorphous samples, the grey line indicates the temperature
of crystallization. As in the previous graphs the x-axis of each subplot serves as the
classical Dulong-Petit limit. Significant ∆Cirrev contributions are solely observed in
ternary alloys, which corroborates the correlation between this enhancement in C and
the degree of disorder in these compounds. For GeTe all heating and cooling data sets
show similar behavior which hence represents the reversible contribution to ∆C . See
also [37].
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Figure 3.11.: Assuming an anharmonic interatomic potential described by a fourth-
order polynomial, a shape of V (r ) can be constructed from a fit of the DSC data
(shown left) and equation 3.13 [47]. These potentials (right, same color-code) display
a significant decrease in anharmonicity upon annealing as they approach the har-
monic limit (green curve). The obtained parameters for the potential-curves in figure
3.11(b) are listed in table 3.2. It has to be noted that as equation 3.13 remains under-
determined, this presentation of the evolution of V (r ) is restricted to a qualitative
than quantitative level (see text).
well-ordered stable phase, whereas the irreversible contribution in ∆C that vanishes upon
annealing has a different root cause. This root cause further elucidated by the annealing data
of GeTe, where the heating and the cooling curves coincide. GeTe only exhibits a reversible
∆Crev excess. This finding provides clear evidence for a relationship between sublattice or-
dering and the reduction within the irreversible specific heat excess. Furthermore, as GeTe
does not posses any significant vacancy contribution, this finding underlines the importance
of disordered vacancies. This is consistent with the observation of a correlation between
∆C and the overall amount of vacancies within the system via stoichiometry (inset of figure
3.8). It can be speculated that the proximity of a vacancy imposes stronger distortions to
the interaction potential than a neighbor of a different atomic species. The ordering of the
cation-like sublattice and the formation of Van-der-Waals gaps should therefore reduce the
degree of these strong distortions of the interaction potential.
The evolution of the anharmonic atomic potential upon annealing can be visualized using the
earlier-mentioned framework of Foreman [47] where the potential is expressed by equation
3.13. In this model two anharmonic terms, bx3 + cx4, are added to the initial harmonic
potential resulting in an enhancement of ∆Cp ∝ T . The polynomial is truncated after an
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Table 3.2.: Parameters of a set of reasonable anharmonic potential functions V (r )=
1/2r 2+br 3+ cr 4 constructed from experimental data and equation 3.13. The corre-
sponding V (r ) are shown in figure 3.11(b).
Data Linear Fit: ∆Cp/T [J/molK2] a [N/m] b [N/m2] c [N/m3]
Harmonic Model Dulong-Petit limit 100 - -
fcc-like 9.40 ·10−4 100 −13.49 ·1011 1.62 ·1019
hexagonal 4.00 ·10−4 100 −13.49 ·1011 2.61 ·1022
even exponential to avoid negative infinite energies. Other than that, there is no apparent
reason to restrict the shape of the potential to this function - it is chosen for mathematical
simplicity. Therefore, it should be stressed that the following discussion is to be considered
under rather qualitative than quantitative aspects.
A linear dependence on temperature was fitted to the anharmonic contribution ∆Cp of the
fcc-phase and the hexagonal phase, respectively. In this procedure data points at high temper-
atures and at temperatures at which phase transition effects may influence the DSC signal, are
discarded. The resulting curves Charm+∆C are depicted in figure 3.11(a). According to equa-
tion 3.13 the fitted slope ∆C/T includes the three parameters a,b and c, which determine the
shape of the interatomic potential. a is taken from the calculated force constant F as given in
table 3.1, leaving two coupled parameters b and c . To further simplify the problem, one of the
two is chosen arbitrarily and is kept fixed in the following - in this case b. From the resulting
infinite number of fourth-degree polynomials, which fulfill all boundary conditions, those
which do not describe a reasonable potential in a physical sense are discarded. For example,
this includes potentials with a dominating x3-term or negative c which both result in negative
infinite energies. Additional criteria to enhance the degree of accuracy can be imposed on
candidate potentials by considering further literature data, such as the atomic-displacements
presented in Matsunaga et al. [40]. Utilizing their data for the mean-square-displacement
parameter 〈u〉 the search is directed at potentials where a comparable amount of space can
be "covered" by an average oscillating atom at 300 K (approximately 1.7 Å). Consequently,
this condition precludes extreme values of c, which sharpen the shape of V (r ) and lower the
accessible r . A set of potentials that fulfills all of the aforementioned requirements is shown
in figure 3.11(b) (orange colors) and the corresponding parameters are presented in table 3.2.
It can be seen that the shape of the potentials becomes more harmonic (green-curve) during
the transition from the rocksalt-like to hexagonal phase, e.g. by the decrease of the opening
angle of the curve. The accessible fcc-〈u〉 at 300 K (here 1.87 Å) and the atomic deviation
from the point of equilibrium at zero Kelvin (r ′ = 0.012Å) are marked in red. From the model
depicted in figure 3.11(b) it can be predicted that both values should decrease when the
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Figure 3.12.: Coefficient of linear thermal expansion (CTE) of sputtered Ge2Sb2Te5
taken from [37]. As predicted by the potential model, a significant decrease is observed
within the CTE upon annealing. Please note, that this experiment was performed by a
collaborating scientist, T.Hu, at Stanford University. While comparable in terms of
trends, the different sample sets (powder vs thin films) may mitigate the ability of a
direct comparison between the two data sets of Stanford and Aachen.
curvature of V (r ) approaches the harmonic case. The deviation of r ′ from the equilibrium
point r0 can be observed macroscopically within the coefficient of linear thermal expansion
(CTE). Therefore, a measurement of the CTE can be regarded as a litmus test of the validity of
the derived potential model.
Therefore CTE of a sputtered Ge2Sb2Te5 layer were determined by temperature dependent
XRD measurements [37]. The obtained CTEs indeed exhibit a significant decrease from
3.0 ·10−5 K−1 after 400 K to 2.52 ·10−5 K−1 at 525 K. This finding verifies the predicted trend
and corroborates the qualitative correctness of the derived potential model.
Once more, it has to be noted that it is not intended to suggest that the visualized potentials
fully reproduce the actual interatomic potentials of GSTs. As equation 3.13 remains under-
determined, numberless V (r )-curves with reasonable physical features can be constructed.
The value of the presented approach lies in the following statement. Regardless of the poten-
tial which is used to explain the irreversible change in heat capacity, all of the V (r )-curves
exhibit the same qualitative behavior upon annealing: the shape of V (r ) approaches the
harmonic case.
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3.4. Resonant Bonding and Anharmonicity
In the last section of this chapter, the evidence presented for a pronounced anharmonicity
within GSTs shall now be interpreted in the context of the special bonding properties of
crystalline PCMs. It has been mentioned in the beginning that resonant bonds form weaker
interatomic connections as verified by the decrease in F upon crystallization. Resonant bond-
ing can be further identified through the occurrence of several fingerprints, such as a high
dielectric constant ε∞, high polarizabilities and large Born effective charges. Each of these
features is a direct consequence of the inherent instability of the unsaturated resonant bond
towards distortions. These distortions shift the bond character towards saturated covalent
bonds. Yet, a careful balance of small Peierls-like distortions and a flattened potential energy
function due to resonance bonding can result in extremely shallow, anharmonic potentials as
demonstrated by Lencer [5] using DFT calculations on GeTe. The resulting anharmonicity
has clear implications on thermal transport, which is known to be significantly suppressed in
phase-change materials (see chapter 4).
The combination of resonant bonding and small static distortions may not be solely limited
to phase-change materials and could occur within related compositions as well. In order to
elaborate this point, the related PbTe-composition is consulted - an extremely well-covered
composition in literature. PbTe is an established thermoelectric material, mainly due to its low
lattice thermal conductivity κ and the ability to form both p− and n−doped configurations
(e.g. see [58–60]) . The low thermal conductivity is in drastic discrepancy to its simple rocksalt
structure reported by Littlewood [61]. The bond character in PbTe is resonant as proposed by
Lucovsky and White [26]. Until 2010, it was widely believed that the structure of PbTe was
perfectly rocksalt and distortion-less until local structural fluctuations in interatomic dis-
tances were reported by Boz˘in et al. [62]. These static distortions increase with temperature
and were proposed to arise from the spontaneous formation of ferroelectric dipoles causing
surprisingly high shifts in atomic positions of up to 0.2 Å. Interestingly, the static distortions
within crystalline GSTs are of the same order of magnitude (0.1 Å) as determined by EXAFS
measurements [23]. In PbTe, it has been speculated that these distortions are related to the
giant anharmonicity which causes LA + LO→ TO scattering [44]. Judging from the studies
presented so far, it seems plausible that PbTe exhibits a similar combination of distortions
and resonant bonding which promotes a pronounced anharmonic interaction potential.
At last, one could hypothesize, whether resonant bonding by itself in a perfect cubic structure
would be sufficient to induce an anharmonic potential. As mentioned above, any atomic
shift, for instance by a phonon, is accompanied by a relatively strong change of the electronic
configuration i.e. a high Born effective charge Z∗. This change consequently induces an
alteration within the Coulomb interaction potential, which is experienced by any following
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phonon. Such a scenario was proposed by Nielsen et al. to create strong anharmonicity in
rocksalt AgBiSe2 [63] and lower the thermal conductivity. However, in contrast to resonant
bonding the origin of the anharmonicity is presumed to be the lower energy s2 orbitals (lone
pairs) and their high Z∗. Despite this difference, it is plausible that such an intrinsic anhar-
monic effect at finite temperatures is also present within the p−orbitals of the resonant bond.
To summarize, there are strong links between resonant bonding and anharmonicity of the
atomic interaction potential. While the combination of resonant bonding and static local
distortions is deemed to cause of anharmonicity as shown by DFT calculations, it is yet
unclear, whether resonant bonding by itself is sufficient to cause intrinsic anharmonic effects.
In any case, the occurrence of these effects may not be only restricted to phase-change mate-
rials, but may also occur in related thermoelectric compounds such as PbTe. Under these
circumstances, it should be rewarding to expand the map-concept for phase-change mate-
rials [17] to other material classes regarding their thermal transport properties. As thermal
transport is typically strongly influenced by anharmonic effects, such an approach could lead
to the realization of a "map for thermal conductivity" or even to a "map of thermoelectrics".
Although such a large scale investigation is beyond the scope of this work, it can contribute by
presenting the thermal transport properties and the thermoelectric properties of GST-based
phase-change materials. These topics will be covered in the following chapters.
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Thermal Transport in GSTs
The presentation of vibrational properties and specific heat data in the previous chapter has
laid the foundation for a detailed discussion of thermal transport, which will be presented
in the following. So far, several results have been already obtained which imply suppressed
heat transport in crystalline GSTs (e.g. low acoustic g (E), anharmonicity). Here, the validity
of these implications is tested by experimental data for the thermal conductivity.
Similar to the previous chapter, the investigation begins with a short review on the general
theory of heat transport followed by a presentation of the experimental methods, which
have been employed. From a technical standpoint several noteworthy expansions to a
custom designed 3ω setup have been introduced during the course of this study which
facilitate measurements at low temperatures. They are briefly presented here. In addition,
the preparation procedure for all thin film samples of this thesis is detailed in this chapter.
The methods section is followed by the presentation and discussion of the acquired thermal
conductivities. The pronounced disorder-related phenomena, which are reported here,
complement the above mentioned list of root-causes for suppressed thermal transport, all
of which lead to small and glasslike thermal conductivities. The chapter concludes with an
overview of these balancing effects that govern κ.
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Figure 4.1.: Compilation of characteristic κ(T )-curves. Phonon-governed, crystalline
materials are represented by diamond [64] and crystalline Si-thin films [65]. Glasslike
lattice heat transport is represented by the amorphous SiH:thin film [66] and amor-
phous SiO2 [67].
The green curve marks the thermal conductivity of copper, a material where κe is
dominant.
4.1. General Theory and Methods
Applying a temperature gradient ∆T to a solid, causes a heat current ~j q from the warmer to
the colder side, as expressed by Fourier’s Law of heat conduction:
~j q =−κ∆T. (4.1)
The quantity that links the amount of ~j q with ∆T is called thermal conductivity, κ, given
in W/mK . In metals charge carriers transport the dominant part of thermal energy, while in
dielectric materials heat is carried by lattice oscillations. Especially in semiconductors both
contributions to κ have to be considered:
κ= κlat.+κe . (4.2)
Figure 4.1 displays some characteristic curves of κ(T ) where different conduction mecha-
nisms determine the transport of thermal energy. Diamond [64] and crystalline Si-thin films
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[65] exhibit the generic behavior of phonon-governed heat transport, i.e. a T−1 decrease in
κ at elevated temperatures after a maximum in thermal conductivity at low temperatures.
Glasslike heat transport, i.e. a monotonous increasing trend in κ with temperature, is demon-
strated by the amorphous SiH:thin film (taken from [66]) and SiO2 (taken from [67]). Finally,
the green curve illustrates a typical κ(T )-curve of a metal, in this case copper, where the
transport of heat is controlled by κe .
Several models are now presented to describe the different mechanisms of thermal conduc-
tion. The order of presentation is the following: at first models of lattice heat conduction are
introduced which elaborate glass- and crystal-like behavior in κ, followed by a short section
on electronic thermal transport.
4.1.1. The Debye Model
The simplest expression for the lattice thermal conductivity was formulated by Debye in
analogy to the kinetic theory of gases ([67] and references therein) and is written as follows:
κ= 1
3
Cv lm f p vs . (4.3)
Here Cv denotes the isochoric heat capacity, lm f p the phonon mean free path and vs is the
sound velocity. It is not attempted to justify equation 4.3 here, but it should be mentioned that
this simple expression can be also derived from a special form of the Boltzmann transport
equation for phonons, which can be found in the present author’s diploma thesis [68] or
standard solid state physics literature such as [38].
Within the framework of the Debye theory, equation 4.3 can be rewritten using already
introduced expressions from the previous chapter:
κ= 1
3
CV vs lm f p (4.4)
= 1
3
· 3
2pi2v3s
kB
(
kB T
~
)3 θD/T∫
0
x4ex
(ex −1)2 v
2
s τdx (4.5)
= kB
2pi2vs
(
kB T
~
)3 θD/T∫
0
x4ex
τ−1(ex −1)2 dx. (4.6)
In the first step the Debye expression for the heat capacity was inserted into expression 4.4,
which is given by equation 3.10 combined with Debye’s assumed density of phonon states
g (ω)∝ω2 (equation 3.7). The standard variable substitution x = ~ωkB T was applied.
The resulting equation 4.6 is sometimes also referred to as Callaway-Model, named after
Callaway who first facilitated the calculation of phonon scattering [69]. In this formulation
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different phonon scattering channels (SC ) can be implemented within the phonon relaxation
rate τ−1. The following terms are commonly used:
τ−1 =∑τ−1SC = vsL + Aω4+Bω2Te −ΘD3T +∑i Ciω
2
(Ω2i −ω2)2
. (4.7)
In order of their appearance, these phonon scattering channels denote grain boundary
scattering, point defect scattering, Umklapp scattering and resonant phonon scattering. They
are introduced individually in the following.
• Grainboundary Scattering:
τ−1GB =
vs
L
(4.8)
Within a polycrystalline sample, phonons are scattered at the boundaries of the grains.
Here, L denotes the size of the crystal grain. The full term is independent of ω and
temperature and strongly affects phonons with a mean-free path of the order of the
grain size L.
• Point Defect Scattering:
τ−1PD = Aω4 (4.9)
This term describes phonon scattering from static lattice imperfections [70]. Corre-
sponding imperfections include a variety of lattice defects such as different, substitu-
tional atoms, local variations in binding forces, single dislocations, elastic strain fields
etc. Point defect scattering targets high frequency phonons according to the Rayleigh-
like scattering-term of ω4. Assuming the special case of dominant mass disorder the
scattering coefficient A is written as [71]
A = a
3
4piv3s
² (4.10)
including the mass disorder parameter ²:
²=∑
i
ci
(Mi −M)2
M 2
(4.11)
In the above equations 4.10 and 4.11, a3 denotes the atomic volume and ci and Mi con-
centrations and masses of the defect atoms i (M =∑i ci Mi ). Klemens elaborated that in
the case of strong phonon scattering due to mass disorder the following proportionality
is valid [71]:
κ∝ T−1/2²−1/2. (4.12)
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• Umklapp Scattering:
τ−1U =Bω2Te
−ΘD
3T (4.13)
In a crystalline sample of extreme purity and infinite size, Umklapp scattering describes
an internal three-phonon process, which represents the only limiting effect of thermal
conduction. In order for Umklapp scattering to occur, an interaction between two
phonons is required where the resulting phonon has a ~q larger than half of the Brillouin
zone. In that case it is possible to obey the conservation of (quasi-)momentum by
introducing a lattice vector of opposite direction. The resulting phonon consequently
moves into the opposite direction (Umklapp- or U-process). As can be seen from
equation 4.13 Umklapp scattering is highly dependent on temperature. In fact, strong
Umklapp scattering causes the characteristic "crystal-like" κ∝ T−1-behavior at ele-
vated temperatures. Similar to point defect scattering, high frequency phonons are
targeted.
• Resonant Phonon Scattering:
τ−1RS =
Cω2
(Ω2−ω2)2 (4.14)
The resonant scattering term was introduced to the Callaway model in 1962 by Pohl in
order to describe distinct indentations in κ(T ) of KCl single crystals containing small
contaminations of KNO2 [72]. As these indentations were not observed in pure KCl,
the effect was ascribed to inelastic scattering of acoustic phonons at optical defect
modes. The localized optical modes do not contribute to heat conduction by them-
selves. Nevertheless, they may be excited by the annihilation of acoustic phonons, thus
causing a reduction in conductivity. Mathematically, the resonant phonon scattering
term resembles a mechanical Lorenz oscillator with a resonance frequencyΩ.
Since the original formulation by Pohl, resonance phonon scattering has been success-
fully employed to describe opto-acoustic coupling in several systems such as scattering
in oxygen-doped Si [73] or the interaction between guest atoms and lattice phonons in
filled skutterudites [74].
In a common solid all of these scattering channels act in concert to shape κ(T ). To provide an
idea about their influence, the effects of the individual scattering mechanisms are simulated
in figure 4.2 for a GST material. Here, individual variations in each scattering mechanism are
portrayed for a cubic-crystalline GST system (green curve). The parameters for the initial GST
reference system were gathered from several literature sources as described in the following.
A grainsize of 16 nm was employed in accordance to Siegrist et al. [30]. With a known atomic
number density the sound velocity vs was calculated from the cutoff temperature (Θ) as
demonstrated by equation 3.5. Unfortunately, a wide deviation in Debye temperatures for
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GSTs can be found in literature, ranging from 150 K [40] to 250 K [75]. Here, a temperature of
152 K was chosen in accordance with the results of the low energy neutron data presented
in table 3.1. The values for the scattering coefficients A,B and C were adopted from Hase et
al. [76], who used the Debye model to simulate the thermal conductivity of a GeTe/Sb2Te3
multilayer system. The resonance frequenciesΩi were determined by CPS measurements
and reported by Först et al. [77].
This collection of values is now entered into equation 4.6 to model the behavior of κ for
cubic GST. Each scattering coefficient is then varied over several orders of magnitude in
order to evaluate their individual contribution to the shape and the magnitude of the thermal
conductivity. The simulated curves in figure 4.2 demonstrate that although most scattering
channels may shift the absolute value of the thermal conductivity, they seldom affect the
general shape of κ(T ), i.e. the glasslike or crystal-like behavior. Either an increase in Umklapp
scattering or an extreme decrease in resonant phonon scattering can account for a transition
between a crystalline and a glasslike trend. The latter scenario however simultaneously
enhances the crystalline κ-value by a factor of 12.5 (at 300 K), which renders it to be rather
unlikely.
4.1.1.1. Limits of the Debye Model
The Debye-Model is a powerful tool to simulate and describe the temperature behavior of
the thermal conductivity, as it allows valuable insight into the phonon scattering channels.
However, due to the special assumptions of the model, we shall dwell on their influence and
limitations.
As mentioned before in chapter 3 a critical oversimplification is used within the derivation
of equation 4.6, which is the assumption of a Debye-like phonon density of states. Such an
approach results in a harmonic heat capacity curve as elaborated within the previous chapter.
From figure 3.11(a) on page 42, it can be implied that the difference for T ≤ 300 K between
the harmonic (green) and the actual anharmonically enhanced heat capacity (light orange) is
small, which justifies the application of the Debye concept in this case. Yet, one parameter
of the model reacts quite sensitive to the curvature of κ, which is the Debye temperature θD .
The effects of a change in θD on the normalized thermal conductivity are modeled within
figure 4.3. A higher value for θD corresponds to a softer curvature of κ(T ). If "anharmonic"
κ-data are investigated, θD cannot be reliably modeled by the harmonic equation 4.6. In this
case, the Debye temperature will be overestimated due to the softer curvature of κ(T ).
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Figure 4.2.: Change in κ upon variations of the scattering coefficients. The green
curve in each plot represents an initial κ(T ) modeled for a reference GST material.
Then, in order to visualize the influence of each scattering channel the corresponding
coefficient is systematically varied, while all others are kept constant. The simulation
reveals that only changes in Umklapp scattering and resonant phonon scattering may
cause a transition from glasslike to crystalline behavior in phase-change materials.
For the latter case however, this transition is concomitant with a strong increase in
thermal conductivity, which is typically not observed in phase-change materials.
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Figure 4.3.: Limits of the Debye Model: Equation 4.6 is modeled for several values
of θD . The Debye temperature depends strongly on the curvature of κ(T ). As the
model generally assumes harmonic conditions, modeling "anharmonic" κ(T )-data
will result in a significant overestimation of θD .
4.1.2. The Minimum Thermal Conductivity κmin
In 1992 Cahill et al. proposed a model for the lower limit of the thermal conductivity of
disordered crystals [78]. The inspiration for such a κmin originated from previous works by
Einstein who formulated a model of heat transport based on the random walk of thermal
energy between neighboring harmonic oscillators. In his model all of the oscillators vibrate
with the so-called Einstein frequency, ΘE . Although this simple g (ω) was later replaced by
the Debye model, the concept of Einstein oscillators is still successfully employed in the
description of local optical rattler modes [79].
In order to describe thermal transport in disordered crystals, Cahill slightly expanded the
original Einstein model as described in the following. Assuming a phonon-wavelength of
λ, regions of geometrical size λ/2 are taken into account as oscillators, which - following the
original argumentation of Einstein - loose or gain thermal energy during half of an oscillation
period:
τ= pi
ω
. (4.15)
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In order to determine κmin, condition 4.15 is inserted into the original Debye formulation
4.5:
κmin = 1
2pi2v3s
kB
(
kB T
~
)3 θD/T∫
0
x4ex
(ex −1)2 v
2
s
pi~
xkB T
dx (4.16)
= 1
2pivs
kB
(
kB T
~
)2 θD/T∫
0
x3ex
(ex −1)2 dx (4.17)
For individual sound velocities vi using vs = 31/3
(
1
v3L
+ 2
v3T
)−1/3
and cutoff temperatures θi =
vi
(
~
kB
(6n2pi)1/3
)
for each phonon branch, equation 4.17 can be written as:
κmin =
(pi
6
)1/3
kB n
2
3
∑
i
vi
(
T
Θi
)2 Θi/T∫
0
xex
(ex −1)2 dx (4.18)
Here, n denotes the atomic number density. Especially this last equation 4.18 is commonly
employed in literature as the minimum thermal conductivity model. It is worthwhile to
mention, that once n is known, the only free parameters remaining are the sound velocities
vi .
Although not explicitly mentioned by Cahill, expression 4.15 can be rewritten for a comparison
of lengthscales. Multiplying both sides with vs results in:
τ · vs −→ l = λ
2
. (4.19)
In this form equation 4.19 is essentially identical to the famous Ioffe-Regel Rule for electronic
localization
kF l ∼ 1 (4.20)
(except for a factor of 1/pi). It can thus be regarded as a phonon-analog of this well-known
electronic localization rule.
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4.1.3. The Electronic Contribution κe
So far, only the lattice contribution has been considered for thermal transport. Especially
for metals, such a limitation would lead to severe contradictions to experimental results as
the dominant share in thermal conductivity is contributed by charge carriers. For the free
electron gas, the electronic contribution to the thermal conductivity is determined by the
Wiedemann-Franz Law (WFL) [38]:
κe
σ
= L0 ·T. (4.21)
The WFL can be easily deduced with equations which have been already introduced in this
thesis. To do so, the kinetic formula 4.3 is rewritten for the free electron gas:
κe = 1
3
·
CV , equation 3.18︷ ︸︸ ︷
pi2
2
nk2B
T
EF
·τ · v2e (4.22)
= 1
3
· pi
2
2
nk2B
1
EF
·τ · 2EF
m∗
·T (4.23)
=σ · pi
2
3
(
kB
e
)2
·T. (4.24)
Here, m∗ denotes the effective electronic mass. For the rearrangement within the last step,
the conductivity of the free electron gas σ= e2τn/m∗ was used.
The factor
L0 = pi
2
3
(
kB
e
)2
(4.25)
marks the so-called Lorenz-constant and has a value of 2.45 ·10−8WΩ/K 2. One detail within
the above derivation is of importance, i.e. the assumption of an identical scattering time τ
for heat- and charge transport. In other words, the WFL is only strictly valid in temperature
regions where electrons are scattered elastically and inelastic electron-phonon interactions
are negligible. These regions are found at elevated temperatures around RT and in the low
temperature limit, where electrons are scattered elastically from impurities [46].
Given the boundary conditions of equation 4.21, it is not surprising that variations from the
WFL are observed experimentally in actual metals. These variations manifest themselves
in deviations from the theoretical Lorenz constant [46]. Although the situation is even less
apparent for semiconductors, equation 4.21 is commonly applied in literature to estimate the
electronic contribution (for phase-change materials see for instance [80]). In this context, κe
can be regarded as an upper boundary of the actual electronic channel.
With these uncertainties in mind, a careful elaboration of the Lorenz number is initiated
here in order to test equation’s 4.21 predictive power for GST compounds. An additional
question which arises in the context is how a highly disordered system around the Anderson
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transition influences the Lorenz value. Calculations by Villagonzalo et al. [81] indicate a
possible lowering of L in the case of Anderson localization.
Our investigation of L is based on an approach as presented in Zevalkink et al. [82] where a
calculation of L0 based on the Boltzmann transport equation is performed. Within a single
parabolic band model the Lorenz number is calculated as:
L = k
2
B
e2
(1+ r )(3+ r )Fr (η)Fr+2(η)− (2+ r )2Fr+1(η)2
(1+ r )2Fr (η)2
. (4.26)
Here, r refers to the exponent of the energy dependency within the carrier relaxation time
τ= τ0²r−1/2 which varies between 0 for acoustic phonon scattering and 2 for ionized impurity
scattering [38]. The Fermi integrals Fr are defined as
Fr (η)=
∞∫
0
ξr dξ
1+exp(ξ−η) (4.27)
where η is the reduced Fermi energy η= EF/kB T .
For our discussion equation 4.26 is evaluated at 300 K for a wide range of Fermi energies
as demonstrated in figure 4.4. The Lorenz value quickly converges to the metallic value
(equation 4.25) for increasing energies. For pure metals, e.g. silver or gold (EF ≈ 5.5eV [46] )
the Fermi energies are sufficient to justify the use of equation 4.21 to evaluate κe . For lower
Femi energies deviations from the metallic value are observed depending on r . Currently,
no experimental justification is known to the present author to assume ionized impurities
(r = 2) in crystalline GST-compounds. However, previous studies on the low temperature
electrical resistivity reported a small temperature coefficient of resistance in combination
with a high ρ0 at low temperatures (e.g. as presented in [35]). From these findings it can be
inferred that acoustic phonon scattering and strong neutral impurity scattering are present
in GSTs. For the latter a vanishing dependency on energy is assumed for τ, i.e. r = 1/2, and the
corresponding result for L is shown in figure 4.4 colored in light orange.
Our discussion focuses on the "worst case", i.e. the highest deviation from the metallic Lorenz
number given by pure acoustic phonon scattering (r=0, brown curve). Crystalline GeTe has a
Fermi energy of 0.3 eV as reported by Siegrist et al. [30]. This results in a slightly diminished
Lorenz number: LGeTe = 2.40 ·10−8WΩ/K 2. For hexagonal Ge1Sb2Te4 (EF = 0.14 eV, also [30])
an even lower value is observed: LGe1Sb2Te4 = 2.21 ·10−8WΩ/K 2.
The following conclusions can be drawn from these results. The theoretical L0 and the
resulting κe according to equation 4.21 mark the upper limit for any electronic contribution
to heat transport and is well defined for metals. For crystalline GST compounds the use
of the WFL most likely results in an overestimation of the electronic contribution (worst
case: a ≈ 10% higher κe within the hexagonal phase of Ge1Sb2Te4). The use of the WFL for
hexagonal samples is justified if these uncertainties are taken into account. The overvalue of
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Figure 4.4.: Calculation of L at room temperature following the procedure of [82].
Expression 4.26 quickly approaches the metallic L for increasing Fermi energies caus-
ing the WFL to be well-defined for metals such as Ag or Au. Variations are found for
crystalline GeTe and hexagonal Ge1Sb2Te4 where smaller values of L are obtained.
This results in an overestimation of the electronic contribution to κ if the WFL is used
(≈ 10% for hexagonal GSTs, i.e. the worst case). In rocksalt GSTs this overestimation is
even higher but irrelevant as small electrical conductivities result in negligible κe s (as
demonstrated below).
rocksalt samples should be even higher, as some data trends in Siegrist et al. indicate a small
increase in EF upon annealing from the rocksalt to the hexagonal phase. Nevertheless, due to
disorder-induced localization effects the electronic conductivities in this phase exhibit small
values below 1 ·104 S/m (see figure 4.19 on page 89). Hence, the resulting κe -contributions in
rocksalt GSTs are negligible compared to the lattice κ, even if equation 4.21 is used.
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4.1.4. Measuring κ: The 3ω Method
After establishing the theoretical groundwork of heat conduction we now move to the presen-
tation of the experimental methods applied. The 3ω setup which was used to determine the
thermal conductivity κ was custom designed and constructed during the present author’s
diploma project. Detailed information about the theory and the original setup’s hard- and
software can be found in the corresponding thesis [68]. Thus, the following section intends to
give only a short overview about the technique. The main focus is set on the new develop-
ments of the setup and the novel sample design during the present project.
In 1990 David Cahill introduced an AC measurement technique to measure the thermal
conductivity of solids [83]. In this method a thin four point metal wire-structure is created on
top of the sample. An AC current
I (t )= I0 cos(ω · t ) (4.28)
is forced through the outer contact pads, causing Joule’s heating at the wire with a temperature
oscillation at 2ω. Consequently, the wire’s temperature dependent electrical resistance R(T2ω)
follows this oscillation. The inner contact pads are used to measure the voltage drop U across
the wire:
U (t )= Iω ·R2ω (4.29)
= I0 cos(ω · t )R0(1+α∆T0 cos(2ωt )) (4.30)
=U1ω+U3ω. (4.31)
If the temperature coefficient α of the wire’s electrical resistance is known, the amplitude
of the temperature oscillation ∆T can be directly extracted from the third harmonic of the
voltage signal:
∆T = 2U3ω
αU1ω
. (4.32)
Thus, the metal wire on top of the sample serves as a heater and as a thermometer at the
same time. ∆T depends on the thermal conductivity of the material/layers underneath the
metal wire. If the boundary conditions are such, that the thermal penetration depth |1/q| of
the heat wave is much larger than the wire’s half-width b, the heat diffusion equation can
be solved for κ based on a one-dimensional solution by Carslaw and Jaeger (see [83] and
references therein):
κ= P
pil∆T
(
−1
2
lnω− ln i b
2
D
+const.
)
. (4.33)
Here P is the input power, l and b the wire length and half-width, respectively and D denotes
the thermal diffusivity. The condition |1/q|À b dictates the outer geometry of the heating wire.
Its total width is typically chosen to be in the range of 10µm - 20µm to meet this requirement.
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Although originally developed for bulk samples the 3ω-method was quickly extended to mea-
sure the thermal conductivity of thin films [66]. An underlying thin film that is significantly
thinner than the width of the heating wire b can be treated as a thermal resistance Rth which
experiences a one dimensional cross-plane heat flow. Based on this argument the thermal
conductivity of a thin film κ f can be evaluated as described in the following.
In order to evaluate a certain thin film in a multi-layer stack, two samples are required: one
"normal" sample and an additional reference sample that contains all layers except for the
layer of interest. The temperature signal of the layer of interest ∆T f can be extracted by
subtracting the signal of the "reference" sample from the normal sample. In literature this
procedure is referred to as differential 3ω method. The thin film’s thermal conductivity can
then be determined as
κ f =
t f
Rth
= P t f
∆T f l2b
(4.34)
where t f represents the thickness of the thin film. Such a sample/reference pair is illustrated
in figure 4.5.
4.1.4.1. Sample Preparation
The differential 3ω method as described in the previous section is used to investigate the
thermal properties in GST thin films. Due to the elevated electrical conductivity of GSTs
within the crystalline phases, a dielectric capping layer is mandatory to insulate the heating
wires from the phase-change film. For this purpose a thin film of (ZnS)80:(SiO2)20 is chosen
for electrical isolation being an established capping material for GST layers in optical data
storage media [84]. Sample and reference sample are built up as shown in figure 4.5(a).
Crystalline slices of silicon or Al2O3 are used as substrate material. These materials have been
chosen because they offer an excellent combination of suitable heat conduction (sufficient
heat sink, which results in smaller temperature signals from the substrate) and a smooth
surface roughness.
The right hand side of figure 4.5(a) depicts a schematic of all thermal resistances Rth that are
passed by a one dimensional heat flow from the heater. One limitation of the differential 3ω
method in equation 4.34 is, that it only considers significant intrinsic contributions from the
thin films but neglects thermal boundary resistances RBth between different materials. These
resistances are an inherent feature of any boundary between two materials and naturally
become increasingly important if the feature sizes of the thin film (such as the film thickness)
decrease.
In our case differential 3ω measurements including boundary resistances result in a non
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vanishing term
Rth,rest =Rth(Capping/GST)+Rth(GST/Substrate)−Rth(Capping/Substrate) (4.35)
in addition to the desired Rth(GST ). In order to determine the influence of this unwanted
offset a thickness series was conducted prior to the experiments as shown in figure 4.5(b). The
zero-thickness extrapolation marks the upper limit of Rth,rest. For samples with a thickness of
at least 300 nm the thermal boundary resistance in the hexagonal phase makes up less than
10% of the total (worst case estimation). Hence, this film thickness represents a reasonable
compromise between small interface resistances, preparation times and surface roughness,
which is why it was chosen as the standard thickness for all 3ω-samples described in the
following.
At this point the description of the sample preparation can be generalized to include not only
3ω-type samples but all other sputtered sample-types within this thesis. This is facilitated by
a preparation procedure in which the same sputter run typically contains additional sample
geometries to enable a full thermoelectric characterization of the GST composition (further
information presented in chapter 5). The other common sample types used in this project
are van der Pauw samples for measurements of the electrical sheet resistance and Seebeck
samples to determine the thermopower. With the procedure of simultaneous sample produc-
tion and identical thermal treatment the highest possible degree of comparability is ensured
between the different samples types and measurement techniques.
The preparation steps for all probe geometries and additional sample characterization mea-
surements along the way (for instance XRD scans) are outlined in figure 4.6. In the following
the description of the procedure is once more focused on 3ω samples (middle row) because
these samples require the most complex preparation procedure
GST thin films are sputter deposited from stoichiometric targets on cleaned Si/Al2O3 sub-
strates. The deposition process takes place in an Ardenne LS 32OS sputter system and is
initiated at a background pressure of the order of 10−6 mbar. Ar is used as the process gas.
Thin films with a thickness of 300 nm are sputtered followed by a second run where a 100
nm-layer of insulating (ZnS)80:(SiO2)20 is deposited on top. The sputtered thin films are
annealed in a Lindberg/Blue M tube furnace (type TF55035C) with a ramp of 5 K/mi n followed
by a holding time of 30 minutes at the desired annealing temperature. During the annealing
the samples are kept within a constant Ar flow of 200 sccm. All given annealing temperatures
are determined by the set temperatures of the oven. For each annealing temperature an
individual sample is created. Note, that the annealing step has to be performed before the
metal 3ω metal wires are created on top, in order to prevent interdiffusion effects of the
top-metal. Such effects have been observed for 3ω-samples within Au-wires at annealing
temperatures around 200°C by R. Sittner [85].
In the last step the heating wires are created on the sample’s top by optical lithography and
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(a) Sample cross section and Rth components for the one-
dimensional heat flow
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(b) Thickness series on Ge1Sb2Te4 to determine Rth
Figure 4.5.: The differential 3ω method as formulated by equation 4.34 neglects the
influence of thermal boundary resistances (grey-colored Rth on the right hand side
of figure 4.5(a)). Their magnitude can be estimated by a thickness series and the
extrapolation of t f → 0 as presented in figure 4.5(b).
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Table 4.1.: Setup combinations that enable enhanced temperature ranges for 3ω
measurements. In all cases the development and the realization of these projects
required combined efforts of several researchers, as shown in the table. Detailed
information for each project can be found in the resulting diploma/master theses
listed under "Literature".
System Range Sample Researchers Literature
3ω (original) 253 K - 383 K generation 1 C. Schlockermann,
K.S. Siegert
[68]
3ω
+ new heated vdP
293 K - 523 K generation 2 R. Sittner,
K. Hugenroth,
K.S. Siegert
[85],[87]
3ω
+ PPMS
50 K - 400 K generation 2 K.S. Siegert,
F. Lange,
H. Volker
this work
thermal evaporation (as shown in the lower left box in figure 4.6 and detailed in [68]).
4.1.4.2. Expansion to Low Temperatures
During this research project the initial 3ω setup was modified to enable measurements in
a wider temperature range. The original range went from -20°C to 120°C and was provided
by an open four-probe contact station. Rather than constructing a new experimental en-
vironment, it was decided to create a mobile version of the 3ω setup with the capability
to access the temperature environments of other existing setups. By this approach time
consuming construction and calibration steps have been avoided. Yet, the workload was
moved to appropriate sample designs and software solutions to synchronize each setup’s
temperature control with the 3ω software. Table 4.1 gives a terse overview about the realized
setup combinations and their specifications as well as the researchers involved. In addition,
it lists additional sources of information for each individual measurement configuration.
For 3ω measurements at low temperatures, a combination of the original setup with the
Quantum design Physical Property Measurement System (PPMS) was established. The PPMS
provides a sealed experimental environment in a cryostat with an accessible temperature
range from 1.9 K to 400 K. The 3ω samples are mounted on a PPMS sample puck, which
is placed at the bottom of the cryostat. The PPMS puck has 12 contact pads for electrical
connection that can be read out during the experiment. In the case of 3ω experiments, this is
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Figure 4.6.: Sample preparation steps for van der Pauw, 3ω and Seebeck samples
to measure σ, κ and S, respectively. All of these sample are produced in the same
sputterrun and annealed under identical conditions to ensure comparability. The
three top images of the finished samples were published in [85] and the lithography
box in the lower left corner was taken from [68].
Please note that the illustrations are not drawn to scale. Further details on Seebeck
measurements and the corresponding sample design can be found in [34] and [86].
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sufficient for the connection of two sample wires and a reference each requiring four contact
pads (I+,I−,U+ and U−). A TPT HB06 wirebonder is used to create a stable electrical con-
nection between the contact pads on the puck and the sample. As wirebonding is processed
through mechanical pressure and ultrasonic wave treatment at the contact area, any sensi-
tive (multi-)layer structure underneath is inevitably damaged during the bonding process.
Therefore, the sample geometry of low temperature 3ω samples had to be altered, resulting in
a novel design which is presented in figure 4.7(a) (generation 2). Here, the contact areas were
moved away from the sensitive layer stack and placed directly on top of the Al2O3 substrate
enabling comfortable wire bonding. Additionally, a mesa-like structure of phase-change and
capping layer was designed to allow measurements of the reference and the sample on the
same substrate during a single PPMS temperature cycle. Each 2 cm x 2 cm Al2O3 substrate
contains 4 pairs of sample and reference wire structures (marked in red). The realization of
this new design was performed by Dipl. Phys. Ernst Roland Sitter, whose diploma project [85]
was supervised by the present author.
After finishing all preparation steps (sputtering, annealing, lithography), the 3ω substrate is
carefully broken into four smaller parts. These parts are placed on the PPMS puck and wire-
bonded with Au or Al wires as shown in figure 4.7(b). The inset in figure 4.7(b) displays a fully
prepared PPMS puck which is then mounted at the bottom of the cryostat for measurement.
Several preliminary tests were performed to characterize the low temperature 3ω-system. The
reliability of the low temperature data was verified by a bulk 3ω measurement characterizing
the Al2O3 substrate (figure 4.7(c)). The low temperature κ(T )-curve nicely complements the
high temperature values taken from the manufacturer’s material data sheet ([88], also online
accessible under http://www.crystec.de/daten/al2o3.pdf). The typical crystal-like behavior
of κ∝ 1T is fully reproduced by the measured curve.
Additionally, the limits of the low temperature range for 3ω experiments have been de-
termined. In theory, the method itself is expected to hold within a temperature range of
approximately 30 K to 750 K [83]. However, one critical aspect at low temperatures is the
behavior of the electrical resistance of the heater. At low temperatures R(T ) of the Au heating
wire changes from a linear behavior to R ∝ T 5 as described within the Bloch-Grüneisen
framework. An indication for this change in behavior is shown in figure 4.7(d). Here, the
electrical resistance of the 3ω heating wire begins to flatten at approximately 35 K, which
is interpreted as the onset of the T 5-like behavior. We note in bypassing that this observed
critical temperature corresponds well, with the above mentioned low temperature limit of 30
K mentioned in Cahill’s original work, which was obtained using an Ag wire structure.
The departure from the linear R(T ) behavior influences the determination of the 3ω voltage
from equation 4.30. Even if the Bloch-Grüneisen formula is used to describe the change in
R(T ) in equation 4.30, the temperature resolution of the ∆T oscillations decreases rapidly
as dR/dT → 0. In other words, as R becomes insensitive to temperature changes, the metal
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stripe looses the ability to act as a "thermometer" and the thermal conductivity cannot be
evaluated. Therefore, in this project measurements are strictly limited to the linear regime of
the electrical resistance, starting at 50 K and above. In principle however, the experimental
infrastructure should allow future measurements at even lower temperatures, if a suitable
wire material with a reasonably pronounced dR/dT behavior is found.
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(a) 3ω sample (generation 2) for
low T
(b) Sample on a PPMS Puck
(c) 3ω bulk experiment: κ of Al2O3 (d) Departure from linear R(T)
Figure 4.7.: Low T experiments require several adjustments to the initial 3ω system.
Figure 4.7(a) illustrates the new sample design. The contact areas are moved away
from the sputtered layers and a mesa structure of the GST/capping layers is created.
This enables bonding of multiple wires on the same substrate.
Figure 4.7(b) is a photograph of a fully prepared sample mounted on a PPMS puck. It
was taken through the wirebonder microscope (inset shows full puck). The "sample"-
wire (outer pads) is connected with the PPMS pads to the left, the "reference" to the
top (inner pads).
Figure 4.7(c): The reliability of the setup at low T is verified by a bulk 3ωmeasurement
on a sapphire substrate. The obtained substrate data (green) reveal an excellent
agreement to the manufacturer’s values (orange) at RT. The low T data further nicely
completes the high temperature curve. A crystal-like 1/T behavior in κ is reproduced
(orange fit).
Figure 4.7(d): As soon as the behavior in R(T ) departs from linear behavior (here at
approximately 35 K - 40 K the resolution of the ∆T decreases rapidly. This marks the
lower temperature limit of 3ω experiments.
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4.2. Experimental Data and Analysis
Due to the technological significance of phase-change materials in data storage media, it
is not surprising that thermal transport in GST-systems has attracted noticeable scientific
interest in the past. An excellent review article can be found in the work of Bozorg-Grayeli
et al. [75]. For application relevant compounds, such as Ge2Sb2Te5, the room temperature
thermal conductivity was reported by several studies, e.g. [89–93]. Especially the works by
Lyeo et al. [90], Reifenberg et al. [89] and Shin et al. [91] have to be emphasized in this
context, as they investigate the behavior of κ(T ) in situ upon heating. Such experiments are
mandatory to understand the behavior of κ during the phase transition and have provided a
wealth of information about heat conduction in PCMs.
During the course of this research project some efforts have been made to follow the approach
of these investigations giving rise to several theses ([85] and [87]). Figure 4.8 displays the
results of a similar on-site heating experiment on Ge2Sb2Te5 which nicely reproduces the
literature data. Despite of these successes, the application-driven motivation of in situ
Figure 4.8.: Results of an in situ annealing experiment on Ge2Sb2Te5 compared with
current literature data. In this experiment the 3ω sample was annealed several times to
subsequently increasing annealing temperatures (RT to 225°C). A nice agreement with
published data taken from [90] is observed. Such annealing experiments elucidate
the absolute value and the behavior of κ upon phase transitions and are thus, very
important for technological aspects. Nevertheless, they are of limited value if questions
about the mechanisms of heat transport are addressed (see text).
experiments mainly sets the focus on technological challenges, such as thermal management
or thermal interface resistances in a memory cell. The results and conclusions which have
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been presented in literature so far remain rather descriptive leaving out detailed explanations
of the underlying mechanisms of heat conduction in PCMs.
Thus, it is one aim of the present study to investigate and understand the fundamental
mechanisms that govern thermal transport in crystalline GST compounds. Particularly
with respect to the recently discovered disorder-induced electronic localization effect (as
discussed in section 2.3.1), the question arises whether the degree of configurational disorder
affects κ as well. In order to answer this question it is mandatory to move away from standard
in situ annealing experiments as phase-change thin films undergo several changes from
irreversible structural relaxations to electronic delocalization upon annealing. The influence
of these effects on κ cannot be easily disentangled in such an approach.
Furthermore, if the sample is directly annealed into the hexagonal phase (as illustrated in
figure 4.8 by the blue curves), only a small data range in a limited temperature window is
available to investigate the intermediate, highly disordered, rocksalt phase (indicated by
the dashed red lines). Therefore, this investigation begins with a combination of ex situ
annealing and experiments towards low temperatures. As this approach requires almost
opposite experimental conditions than those, which are present in a PC memory device, it is
not surprising that only a few literature reports on low temperature measurements can be
found. The present author is only aware of one publication by Kim et al. [94], where κ(T ) for
Ge2Sb2Te5 at low temperatures was reported for a single rocksalt phase.
4.2.1. Low Temperature Series
Figure 4.9 displays the thermal conductivity κ of two differently annealed compositions
along the pseudo-binary line plotted in a temperature range from 50 K - 300 K. Figure 4.9(a)
presents the data for Ge1Sb2Te4, while figure 4.9(b) shows the curves for Ge8Sb2Te11. In order
to avoid confusion in the following annealing temperatures will be given in ◦C while the
experimental temperature is given in K. Before continuing with an in-depth analysis of κ(T )
several important observations can be readily made from the presented data:
1. All curves exhibit a glasslike temperature trend, i.e. dκ/dT > 0, although X-ray diffrac-
tion measurements clearly indicate crystalline samples for higher annealing tempera-
tures (see below).
2. Within the crystalline phase of Ge1Sb2Te4 a pronounced annealing effect is observed,
where the κ(T )-curves shift gradually to higher values upon annealing. The data points
at low temperatures indicate that this effect must be due to lattice changes, as elec-
tronic heat conduction channels can be neglected within the early crystalline phases.
Ge8Sb2Te11 exhibits only minor changes upon annealing in contrast to Ge1Sb2Te4.
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(a) κ(T ): Ge1Sb2Te4 (b) κ(T ): Ge8Sb2Te11
(c) XRD: Ge1Sb2Te4 (d) XRD: Ge8Sb2Te11
Figure 4.9.: Figure 4.9(a): A clear glasslike trend, i.e. dκ/dT > 0, is observed for amor-
phous (blue), rocksalt (green) and hexagonal phases (orange). At the same time
a pronounced annealing effect is observed, as the value of κ at room temperature
increases from 0.2 Wm−1K−1 to 1.4 Wm−1K−1. Even the elevated κ values in the hexag-
onal phase are surprisingly small for a crystalline material.
Figure 4.9(b): Similar to Ge1Sb2Te4, small values for κ and a glasslike behavior are
observed in amorphous (blue) and crystalline (orange) Ge8Sb2Te11. Yet, in contrast
this compound exhibits minor changes upon annealing.
Figure 4.9(c) and figure 4.9(d) show the corresponding XRD scans for each annealing
temperature.
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3. Even upon crystallization the absolute values for κ remain surprisingly small ranging
from 0.4− 1.4W/mK. Under ambient conditions the measured data are in excellent
agreement with literature results on similar compositions (see for instance figure 4.8).
Supporting information on the structure of the thin films is provided by XRD measurements
as presented in figure 4.9(c) and figure 4.9(d), where the corresponding XRD scans for each
composition and annealing temperature are shown. The scans were performed on simulta-
neously heated samples without 3ω geometry. The samples of Ge8Sb2Te11 are identified as
amorphous for Tanneal < 200◦C (blue data) while the remaining samples are rhombohedral.
For Ge1Sb2Te4, the as-deposited sample can be clearly marked as amorphous. Samples with
annealing temperatures 150◦C ≤ Tanneal ≤ 225◦C (green curves) are cubic crystalline while
the 300°C annealed thin film is within the hexagonal state (orange curve). For the discussion
of the peculiar effects in κ(T ) it is beneficial to focus at first on the prototype Ge1Sb2Te4
composition (replotted in more detail in figure 4.10) and return to the differences between
Ge1Sb2Te4 and Ge8Sb2Te11 later in this chapter.
In order to analyze solely lattice effects, the electrical contribution to κ has to be first sub-
tracted from the total thermal conductivity. As electronic transport in rocksalt-like samples is
limited through disorder-induced localization, significant values for κe are only expected in
the hexagonal phase (see also section 4.2.3 below). Thus, the WFL is applied to κ300◦C and
the obtained electronic contribution is subtracted. Interestingly, a change in the sign of dκ/dT
is revealed at temperatures around room temperature (RT). As a negative dκ/dT is caused by
Umklapp scattering, this change can be regarded as an indicator for a transition towards more
crystal-like behavior in κ within this most ordered structural phase. The theoretical Lorenz
value L0 was used to determine κe as justified in section 4.1.3. It is concluded that upon
annealing a transition from glass - to crystal-like heat conduction is observed in crystalline
Ge1Sb2Te41.
To elucidate the origin of the glasslike temperature behavior of κ in rocksalt GeSb2Te4, the
data analysis begins with a calculation of the lower limit for κ in the rocksalt phase according
to the model of minimum thermal conductivity. The sum in equation 4.18 is taken over one
longitudinal and two transverse branches. An atomic number density n = 3.16·1022 cm−3 is as-
sumed while the individual sound velocities vi and cutoff temperatures θi = vi (~/kb)(6pi2n)1/3
are determined from elastic data presented in Blachowicz et al. [95]. All parameters for κmin
are listed in table 4.2. Figure 4.10 reveals that the κ(T )-curves at low annealing temperatures
are very close to κmin (plotted as a dashed line) and follow the corresponding temperature
trend. It can be further demonstrated, that for T≥ 75K the rocksalt κ(T ) strongly resembles
the temperature behavior of the heat capacity which was determined in the previous chapter.
1Note that due to the limited applicability of the WFL to temperatures around RT and very low temperatures
further modeling of the κ300◦C −κW F curve (e.g. Debye model, minimum thermal conductivity) is omitted.
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Figure 4.10.: Further analysis of the Ge1Sb2Te4 data. For the hexagonal phase the
electronic heat conduction channel is subtracted using the Wiedemann-Franz Law
(equation 4.21). For the resulting lattice contribution a dκ/dT < 0 at elevated tempera-
tures is observed. This indicates an onset of Umklapp scattering and a transition to a
more "crystal-like" behavior in this phase.
Early cubic κ(T ) curves closely follow the lower limit κmin (dashed line). In addition,
the Debye Model was fitted to all rocksalt curves for T ≥ 75K . The results, drawn as
solid lines within the fitted temperature region (dashed otherwise), display a reason-
able agreement with the experimental data (see text and table(4.4)).
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Figure 4.11.: Estimation of the phonon mean path lm f p in cubic Ge1Sb2Te4 using
the kinetic theory (equation 4.3). Within the rocksalt phase the curvature of κ(T ) is
governed by the specific heat as illustrated by the top graph. Here, the κ(T ) curves with
the highest and the lowest annealing (green) for the rocksalt-like phase are plotted
together with the specific heat of Ge1Sb2Te4 as presented in the previous chapter. The
curve ofκ150◦C and C reveal almost identical temperature trends for T > 75 K. All curves
were normalized to facilitate comparison. This finding results in almost constant
phonon mean free paths in the temperature range from 75 K - 300 K for all rocksalt
phases, which indicates a strong, temperature independent scattering mechanism
for phonons. Annealing shifts lm f p to higher values while maintaining this trend.
Furthermore, the phonon mean free paths are extremely small (5.0 - 7.5 Å) and of the
order of the lattice constant. As a sidenote, it shall be mentioned that the increase in
lm f p for T< 75 K may be attributed to "plateau effects" in κ (see text).
Table 4.2.: Parameters employed in the model of κmin for disordered cubic samples.
The elastic tensor components C11 and C44 are taken from [95].
n [1/m3] ρ [g/cm3] vL =
√
C11
ρ [m/s] vT =
√
C44
ρ [m/s]
3.16 ·1028 6.2 2779 1596
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This is illustrated in the top graph of figure 4.11 where the normalized data of κ and the
specific heat C are drawn together for comparison. In order to represent C after annealing,
the total heat capacity, i.e. the INS-data for C with the added anharmonic enhancement, was
used for the comparison (see light orange curve in figure 3.11(a) on page 42).
Under the assumption of constant sound velocities, an estimate of the mean free path lm f p
can be derived from the simple kinetic formula (equation 4.3). The results shown in the
lower graph of figure 4.11 are extremely small values for lm f p ranging from 5.5 Å - 7.6 Å. As
the temperature behavior of κ is strongly governed by C these lm f p -values remain almost
constant for 75K ≤ T ≤ 300K , thus indicating a strong, temperature independent scatter-
ing mechanism for phonons. The sudden increase in lm f p for T ≤ 75 K is caused by the
deviation of κ(T ) from the C (T ) behavior. The flattening of the thermal conductivity with
respect to C in this temperature region is indicative for an approach of the so-called plateau.
The plateau, a region of constant κ(T ) is another characteristic feature of glasslike thermal
conductivities and is associated with phonon localization effects as described by Graebner et
al. [96]. Further investigations at temperatures below 50 K might be promising to elucidate
this effect in the future.
4.2.1.1. Debye Modeling
So far, compelling evidence for strong phonon scattering in crystalline phase-change materi-
als was presented, namely the glasslike κ(T ) close to the theoretical minimum of κmin and
the extremely small phonon mean free paths of the order of the unit cell. Yet, the root cause
of these properties and the origin of the annealing effect have not been unveiled.
For this purpose, the Debye Model is applied to the rocksalt-data (green κ(T ) curves) to
gain further information about the nature of the scattering mechanisms. The temperature
range of the model was limited to T ≥ 75 K to leave out plateau-effects which would require
additional scattering channels as described in [96]. The model containing equation 4.6 and
equation 4.7 is implemented in a Matlab fitting procedure. The inclusion of all scattering
channels of equation 4.7 within the model introduces a significant number of free parameters
for the fit. Thus, before any reliable result can be obtained, it becomes necessary to limit the
amount/range of the free parameters as described in the following.
From XRD-data shown figure 4.9(c) the grainsize L is determined using a Williamson-Hall
evaluation. The obtained values are presented in table 4.3. It is found that although L
changes upon the structural transition into the hexagonal phase, it remains constant within
the rocksalt phase at approximately 100 Å and cannot be the cause of the annealing effect.
Furthermore, with an average phonon mean free path around 5 Å - 8 Å (estimated from kinetic
theory) dominant intra-grain scattering mechanisms are expected. Based on the XRD data,
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Table 4.3.: The grain size L of the rocksalt phase as determined from the XRD data
(figure 4.9(c)).
Annealing temperature Grain Size L
150°C 9.0 nm
175°C 9.9 nm
200°C 10.0 nm
225°C 9.9 nm
the mean of all determined fcc grainsizes is chosen as the initial parameter for the model,
with accepted values being within one standard deviation: L = 9.7±0.5nm.
In section 4.1.1 it was demonstrated that strong Umklapp scattering causes a crystal-like
temperature trend in κwhich is not observed in rocksalt Ge1Sb2Te4. Consequently, it is found
that the fit procedure is insensitive to changes in B (see below). This implies that Umklapp
scattering is not a significant scattering channel within the rocksalt phase.
Hence, the origin of the peculiar thermal properties must be reproducible by varying the
remaining channels, namely point defect scattering and resonant phonon scattering. A start
value for A was calculated using equation 4.10 assuming strong point defect scattering by
mass disorder. The resonance frequencies in a GST thin film were reported by Först et al. [77].
For the rocksalt structure they found three resonances at optical frequencies, namely at 3.5
THz, 2.0 THz and 5.0 THz (sorted by intensity). These resonances were implemented into the
model as fixed values.
All fitted values, starting conditions and allowed ranges of the model parameters are listed
in table 4.4 and the corresponding curves are plotted in figure 4.10 as solid lines within the
fitted temperature region (dashed otherwise). A reasonable agreement between the data and
the modeled curves is found.
Within the fitted results, only the coefficient of point defect scattering, A, exhibits a significant
change upon annealing, as it decreases by 70% upon annealing through the rocksalt phase.
This indicates that the annealing effect and the concomitant increase in thermal conductivity
can be ascribed to a strong decrease in point defect scattering. As a sidenote, it is also found
that the fitted θD indeed exceeds the value of 152 K presented in table 3.1 as expected in
section 4.1.1.1.
Before we continue to interpret the fitting result, its validity should be tested. Despite all
efforts to reduce the amount of free variables, it has to be reminded that the values in table
4.4 were obtained by a non-trivial, multi-parameter fit. Therefore, questions arise about
the uncertainty of these parameters. To answer these questions, the sensitivity of the ob-
tained coefficients of the scattering channels, L, A, B and C , are individually probed upon
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Figure 4.12.: Change in fit quality upon variations of up to ± 25% within the scatter-
ing coefficients L (grain size), A (point defect), B (Umklapp) and C (resonant phonon
scattering). The figure demonstrates the influence of certain parameters on the root
mean squared error (RMSE). It is obvious that changes within the coefficient of Umk-
lapp scattering are irrelevant for the outcome of the fit. A similar weak dependency
is found for the grain size L. However, for the actual fitting procedure this value is
pinpointed by XRD-measurements.
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Table 4.4.:Parameters of the fitting procedure of the cubicκ(T ) curves according to the
Debye Model (equation 4.6). Numerous sources ranging from additional experimental
data to literature values were consulted to limit the amount of free parameters (see
also individual footnotes). The fits were performed successively, starting with the T =
150◦C curve. Once a reasonable result was obtained, the corresponding parameters
served as initial parameters for the subsequent annealing temperature fitting.
The results indicate that the annealing effect is caused by a significant reduction (70%)
for the coefficient of point defect scattering A marked in red values.
Initial Value Range 150◦C 175◦C 225◦C
θD [K ] 140a 140 - 260a 255 255 255
L [nm] 9.7b 9.1 - 10.6b 10.5 10.5 9.6
A (10−42)[s3] 65c - 7.88 7.15 2.37
B (10−19)[sK−1] 1.0d - 1.0 1.0 1.0
C1(1038)[s−3] 4.0d - 1.28 1.28 1.32
Ω1(1013)[1/s] 2.20e fixed 2.20 2.20 2.20
C2(1038)[s−3] 4.0d - 0.92 0.92 0.92
Ω2(1013)[1/s] 1.26e fixed 1.26 1.26 1.26
C3(1038)[s−3] 4.0d - 0.21 0.22 0.21
Ω3(1013)[1/s] 3.21e fixed 3.21 3.21 3.21
Goodness of fit: RMSE - - 0.0032 0.0067 0.0077
a conflicting θD values in literature: lower limit chosen from [40], upper limit taken from [75]
b determined by XRD (figure 4.9(c))
c calculated from equation 4.10
d taken/estimated from [76]
e taken from [77]
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variations of up to ±25%. The resulting model quality is quantized through the value of the
root-mean-squared error:
RMSE=
(
1
N
N∑
i=1
(κi −κmodel,i)2
)1/2
, (4.36)
i.e. the smaller the RMSE values the better the agreement between model and data.
The changes in fit quality are depicted in figure 4.12, exemplarily for the 150°C annealed
data. Here, the RMSE is plotted against the variation in the analyzed scattering coefficient
X +k ·X with k = [−0.25..0.25] and X ∈ [L, A,B ,C ]. Within this style of display, a steep curve
with a pronounced minimum represents low errors on the corresponding parameter, because
fluctuations within this parameter strongly increase the RMSE. Such a behavior is found
for resonant phonon scattering and point defect scattering. The curve for the grain size L
only displays a shallow minimum. Yet, this parameter could be reliably narrowed down by
XRD-results. As stated above, deviations in B - even as high as 25% - do not affect the quality
of the fit at all as represented by the almost horizontal blue curve. This finding verifies once
more that Umklapp scattering is negligible in rocksalt phase-change materials.
So far, each parameter has been analyzed individually. Now correlations between two coeffi-
cients, namely A and C are taken into account. The same procedure as described above is
now applied simultaneously on A and C and the results in RMSE are plotted in figure 4.13.
Again the variations for the 150°C fit are exemplarily on display. A strong coupling between
the two parameters is found, as low RMSE values can be obtained, when A and C are varied
oppositely. Consequently the contributions of A and C may not be clearly distinguishable for
a single annealing temperature.
The question arises whether the uncertainty between A and C invokes a significant obstacle
on the route to unravel the origin of phonon scattering in GSTs. In order to answer this
question, it should be kept in mind that both scattering channels are similar in microscopic
origin. Both effects originate from local structural imperfections. The main difference lies
in the cause of the scattering: on the hand a local contrast in mass or bonding, for instance
caused by an impurity atom (point defect), on the other hand the interaction with a localized
optical mode e.g. caused by a rattling atom (resonant).
Thus, we conclude, that at this point the main result of table 4.4 generally relates the anneal-
ing effect to a reduction in point scattering sources. Additional experiments are required to
put this observation on firm ground. The fundamental mechanism behind the low thermal
conductivity is further elucidated in the following section by a stoichiometry series which
further elucidates this subject.
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Figure 4.13.: Fit quality upon simultaneous variation in A and C of ± 25%. Again
the T=150◦C fit is shown. It is found, that deviations in A and C do not affect the fit
independently from each other but low RMSE values can be obtained, when A and C
are varied oppositely. The coordinates of the actual outcome of the fitting procedure
are marked in red.
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4.2.2. Stoichiometry Series
In the previous section on low temperature measurements two important findings were
presented:
I. Pronounced phonon scattering was observed, leading to small and glasslike thermal
conductivities.
II. The enhancement of κ in the rocksalt phase can be modeled by a Debye model. The
results point at a reduction of local scattering sources.
From these observations one is led to suspect a significant role of the disordered cation
sublattice in fcc-phase change materials. The random distribution of Ge and Sb atoms and
vacancies causes significant mass and bonding variations on length scales of the estimated
phonon mean free path and have a high potential to disrupt lattice heat transport. Further-
more, it is interesting to note that the electronic and the phonon mean free paths in rocksalt
Ge1Sb2Te4 are of the same order of magnitude (electrons for Tanneal: λe ≤ 8.6 Å [30]), which
indicates a single scattering mechanism for both transport channels. Therefore, the influence
of the cation-sublattice configuration on κ is investigated.
Moving along the pseudo-binary line from Ge1Sb2Te4 towards GeTe-rich samples introduces
a systematic variation in the population of the sublattice. By doing so the amount of vacancies
and Sb-atoms is continuously reduced and the configuration becomes increasingly homo-
geneous. By moving towards GeTe a decrease within the degree of configurational disorder
is expected for early rocksalt crystalline phases. Measuring κ along the pseudo-binary line
therefore probes the influence of different degrees of configurational disorder on thermal
transport.
Figure 4.14 and figure 4.15 display the results of this investigation. In figure 4.14 the raw
data of the total thermal conductivities of several materials along the pseudo-binary line
are depicted. The color code denotes the individual annealing temperatures which range
from 150°C to 300°C. From the raw data it can be readily seen, that the contrast in thermal
conductivity between the amorphous and the crystalline phase decreases with decreasing
GeTe-content. Furthermore, starting at Ge3Sb2Te6 all materials exhibit a pronounced an-
nealing effect with increasing Sb2Te3-content (the annealing effect in GeTe can be solely
attributed to electronic effects as elaborated in section 4.2.3). These findings are visualized
more clearly in figure 4.15(a) where the room temperature κ data points are plotted against
the annealing temperature.
For all compositions a sudden increase in thermal conductivity can be identified upon crys-
tallization. However, only GeTe exhibits a pronounced increase in κ upon crystallization
as the thermal conductivity changes from 0.19W/mK to 1.98W/mK. All ternary compounds
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Figure 4.14.: The raw data for κ for several GSTs around room temperature. The
contrast between the amorphous and the crystalline phase increases with increasing
GeTe-content. Furthermore, Sb2Te3-rich materials exhibit a pronounced annealing
effect caused by lattice effects (the annealing effect in GeTe can be solely attributed to
κe as demonstrated in section 4.2.3). The data was obtained using the original 3ω
setup configuration around RT.
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display a much more modest enhancement in κ. The decreasing trend in contrast is further
underlined by figure 4.15(b). Here, the ratio between the first crystalline data point κχ and
the amorphous value at 20°C is plotted against the content x of Sb2Te3. This ratio decreases
from 10 to a minimum of approximately 2 for compounds around Ge1Sb2Te4. Obviously,
compounds in the middle of the pseudo-binary line exhibit the strongest phonon scattering
in the early crystalline phases.
Upon further annealing, most compounds display a gradual increase in κ. From figure 4.15(a)
it can be inferred, that absolute annealing temperatures cannot be used for a detailed com-
parison of GST compounds. Because of individual transition temperatures into the cubic-
and hexagonal phase, respectively, the degree in sublattice ordering differs for different com-
pounds at the same Tanneal. To account for this difference, all annealing temperatures are
rescaled according to their transition temperatures, giving rise to the reduced temperature
θred:
θr ed =
Tanneal−Tcub
Thex−Tcub
. (4.37)
Here Tcub and Thex denote the individual transition temperatures into the cubic and the
hexagonal phase, respectively. In figure 4.16 all ternary compositions are replotted against
the dimensionless θred, which facilitates a direct comparison between the compounds.
One important result from figure 4.16 is that all materials that undergo structural relax-
ation upon annealing towards a stable hexagonal phase display a pronounced annealing
effect in κ, namely Ge1Sb2Te4, Ge2Sb2Te5 and Ge3Sb2Te6. Only the thermal conductivity of
Ge8Sb2Te11 shows little reaction and no distinct temperature trend. This is consistent with the
two low temperature annealing curves shown on page 70. From structural analysis, e.g. XRD
data in figure 4.9 it is verified that Ge8Sb2Te11 simply crystallizes into a stable rhombohedral
structure around 180°C. It can be hypothesized that the absence of further structural relax-
ation of this compound originates in the increased length of the vacancy diffusion paths. In
order to demonstrate the fundamental difference in annealing behavior between Ge8Sb2Te11
and all other compounds, Ge8Sb2Te11 is included in figure 4.16 as a dashed line. To do so,
a hypothetical hexagonal transition temperature Thex is extrapolated for this compound as
presented in the supplement.
The observed difference in annealing behavior verifies that the change in thermal conduc-
tivity is caused by the structural relaxation of the cation sublattice. This is consistent with
the result of the Debye model, where this effect was ascribed to a reduction of point defect
scatterers. As the amount of random distributed Ge and Sb atoms and empty lattice sites
reduces, the number of point defect scattering centers is reduced.
Furthermore, the rescaled data reveals a clear stoichiometric trend in κ. Shortly after crystal-
lization all GST compounds exhibit increasing conductivities with increasing GeTe content.
For those compounds which exhibit the annealing effect, this stoichiometric order in κ is
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(a) Raw data (b) Conductivity constrast
Figure 4.15.: Stoichiometry series: κ versus annealing temperature at ambient
conditions for several compounds along the pseudo-binary line between (GeTe)x -
(Sb2Te3)1−x . A pronounced increase in κ is only observed for GeTe.
Figure(4.15(b)): The ratio in conductivity κχ/κα, determined from the first crystalline
data point and the amorphous value at 20◦C , decreases strongly towards the middle
of the pseudo-binary line. For compounds around x=0.5, e.g. Ge1Sb2Te4, the thermal
conductivity merely increases by a factor of 2 upon crystallization. Note that the data
points of Ge1Sb4Te7 and Sb2Te3 were taken from [91] and [97], respectively. For the
last composition an amorphous value of 0.2 W/mK was assumed.
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Figure 4.16.: This figure presents rescaled data for all ternary compounds according
to their individual transition temperatures into the cubic and hexagonal phase. This
type of display facilitates direct comparison between differently annealed compounds.
even maintained under all annealing conditions:
κGe1Sb2Te4 < κGe2Sb2Te5 < κGe3Sb2Te6 , ∀θ. (4.38)
Similar to the annealing effect this trend in stoichiometry is correlated to the degree of config-
urational disorder as explained in the following.
The argument starts by looking at samples with low annealing temperatures directly after
crystallization. Here, the highest degrees of configurational disorder are expected, as the
cation sublattice sites containing Ge, Sb and vacancies are fully occupied in a random manner.
Assuming dominant point defect scattering due to mass disorder from these sites, an upper
boundary for the mass disorder parameter ² can calculated according to equation 4.11. To do
so, the concentrations of the defect scatterers cGe ,cSb and cvac are set to the stoichiometric
equivalent. This represents the limiting case, where all atoms on the sublattice fully partici-
pate in point defect scattering. The obtained values for ² are listed in the second row of table
4.5 and the third row displays the contribution of empty lattice sites to this value. Clearly,
the lion’s share in ² stems from vacancies. In Ge1Sb2Te4 the disordered vacancies, 25% of
the cation sublattice, make up 87% of the point defect scattering, while the remaining 13%
comes from Ge and Sb atoms. This result can be understood by the extreme local contrasts in
mass and bonding, which makes disordered vacancies such efficient phonon scatterers [98].
Consequently, ² decreases with lower vacancy concentrations as shown in table 4.5.
It has been stated before in section 4.1.1 that for systems with strong point defect scattering a
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Table 4.5.: Calculated mass disorder parameters ² as shown in figure(4.17) according
to equation(4.11). The first row lists the first measured crystalline lattice thermal
conductivity for all compounds. For comparison the vacancy contribution to the sum
in equation(4.11) is listed as well.
Composition κlat.[W/mK ] ² ²vac.
Ge1Sb2Te4 0.43 0.144 0.125 (87 %)
Ge2Sb2Te5 0.49 0.124 0.100 (80 %)
Ge3Sb2Te6 0.48 0.110 0.083 (75 %)
Ge8Sb2Te11 0.56 0.078 0.047 (59 %)
GeTe 1.25 0 -
the thermal resistance, i.e. κ−1, should be proportional to
p
² according to [71]:
κ∝ T−1/2²−1/2. (4.39)
Indeed, considering the highest degrees of disorder by using the very first crystalline data
points, the correlation between κ−1and ²1/2 is well reproduced, as presented in figure 4.17.
To summarize, in rocksalt-like GSTs randomly distributed atoms and empty lattice sites
serve as strong point defect scattering centers, where the main contribution of scattering
originates from the amount of disordered vacancies. Upon annealing the amount of scat-
terers diminishes in Ge1Sb2Te4, Ge2Sb2Te5 and Ge3Sb2Te6 as Ge, Sb and vacancies reorganize
into layers. In contrast, no significant ordering takes place in Ge8Sb2Te11, which is why κ
remains constant here.
Before the investigation of PCM thermal conductivities continues with a combined treatment
of thermal and electric transport, the last peculiarity of κ shall be shortly discussed, which
is the glasslike temperature dependence. As has been noted in the presentation of figure
4.10 a more crystal-like behavior is observed in Ge1Sb2Te4 for the ordered hexagonal sample
in contrast to the pure glasslike temperature trend of the cubic phase. From the model of
minimum thermal conductivity, it is obvious that the glasslike temperature behavior is a
consequence of a mean free path that is reduced to the lowest reasonable value. So far, it was
shown that this condition is almost fulfilled in rocksalt GST due to the pronounced sublattice
disorder, which limits the mean free path to values of the order of Å by point defect scattering.
It can be demonstrated, that the degree of disorder one crucial factor for the behavior of κ(T )
by comparing thermal transport in Ge1Sb2Te4 with another chalcogenide material class: the
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Figure 4.17.: Correlation between the thermal resistance and the mass disorder pa-
rameter of point defect scattering, indicating strong point defect scattering. The
thermal resistance is determined from the earliest crystalline phase for each com-
pound.
Figure 4.18.: Thermal properties of II-III2-VI6 defective chalcopyrites. These composi-
tions are highly comparable to Ge1Sb2Te4, e.g. in mass and vacancy concentration.
The crucial difference lies within the strictly ordered arrangement of atoms and empty
lattice sites (left picture). Consequently, comparable room temperature κ values are
observed as well as a clear crystalline κ(T ) in contrast to GSTs. Both diagrams were
taken from [99].
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Table 4.6.: Comparison of densities and thermal properties between defect-
chalcopyrites and Ge1Sb2Te4 to demonstrate the influence of disorder. Both systems
display comparable masses and number densities. For ordered, hexagonal Ge1Sb2Te4
the room-temperature thermal conductivity is comparable as well.
Zn1In2Tea4 Cd1In2Te
a
4 Ge1Sb2Te4 (fcc) Ge1Sb2Te4 (hex.)
Density [g/cm3] 5.8 5.9 6.2 6.5
Molar Mass [g/mol] 115.06 121.78 118.08 118.08
Number Density [Å3] 0.030 0.029 0.032 0.033
κ|300K [W/mK ] 2.1 1.2 0.43 - 0.72 1.2
κ(T )-trend crystal crystal glasslike onset crystal-like
a values obtained from [99]
so-called defective chalcopyrites [99]. Compounds of this class, e.g. Zn1In2Te4 or Cd1In2Te4,
are very similar to Ge1Sb2Te4 in mass and stoichiometry as summarized in table 4.6. More
importantly, both systems contain the same high vacancy concentration. The main difference
between Ge1Sb2Te4 and a defective chalcopyrite-composition is the complete absence of
disorder within the latter material class. In defective chalcopyrites all atoms are strongly
organized in tetragonal structures with vacancies located at the spaces in between. In con-
trast to rocksalt GSTs the thermal conductivity of Zn1In2Te4 and Cd1In2Te4 exhibits a clear
crystal-like trend as shown in figure 4.18. Consequently, it can be inferred that the transition
towards an enhanced crystal-like κ(T ) behavior in hexagonal Ge1Sb2Te4 is a result of the
higher degree of crystalline order.
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4.2.3. Decoupling κphon and κe: Thermal and Electrical Transport
So far it has been demonstrated that thermal transport is significantly affected by configura-
tional disorder similar to charge transport. For the latter an insulator to metal transition is
observed, caused by a reduction of disorder-localized electronic wave functions (Anderson
localization) as described earlier in chapter 2. The increase in electronic mobility concomi-
tantly enhances the amount of heat that is transported by charge carriers. Thus, for higher
annealing temperatures (especially for those of the hexagonal phase), measurements of
electronic transport properties are mandatory to separate κe from the lattice contribution.
As a beneficial side-effect, the impact of disorder on both transport channels can be studied
simultaneously, i.e. under equivalent annealing conditions. The following section presents
the results of such a combined study.
Van der Pauw samples were created in the same sputter run as 3ω samples allowing the
determination of σ for the same sputtered material (see section 4.1.4.1).
Figure 4.19 depicts the changes within the electronic and thermal transport channels upon
annealing. Here, the room temperature values of the total thermal conductivity κ are plotted
against the electrical conductivity σ for all crystalline samples of all stoichiometries. Closed
symbols denote cubic-like phases while open symbols mark samples that are hexagonal.
Because of its significantly higher electrical conductivities, GeTe is shown in the inset.
The dark green line represents the value of the Wiedemann Franz Law as defined in section
4.1.3 using the theoretical L0. With this style of display, the electronic contribution κe and
the lattice thermal conductivity κphon can be readily determined from the perpendicular of
each data point. This is demonstrated by dashed lines for the second hexagonal data point of
Ge1Sb2Te4. All rocksalt data points exhibit small σ-values with negligible contributions to
heat transport. In the hexagonal phase however, a strong increase in κe is observed. Here, the
electronic contribution can make up to 30% of the total heat conduction and has to be taken
into account if trends in κ are discussed.
Figure 4.19 does not only allow the analysis of the individual contributions to κ. It further
enables the quantification of how strongly annealing affects the heat transport and the charge
transport channels simultaneously. The correlation between κ and σ is analyzed by fitting a
modified version of the WFL to the data where the total thermal conductivity and not just the
κe is considered. The resulting slopes L∗ = κtotal/σ·300K are compared to the theoretical Lorenz
value L0. The results for Ge1Sb2Te4, Ge2Sb2Te5 and Ge3Sb2Te6 are shown in figure 4.19 as
dashed lines and the obtained values are listed in table 4.7. In the following analysis the
general uncertainty in L0 due to scattered literature values is considered by introducing an
upper (Lup. = 3.35 ·10−8WΩK−2) and a lower limit (Llow. = 2.12 ·10−8WΩK−2) to the Lorenz
value. These limits are based on published values for L0 and were taken from [46]. The green
area that is defined by these boundaries, marks a region of slopes for which the changes in κ
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Figure 4.19.: Total κ versus σ at room temperature for all crystalline compounds.
Closed symbols denote rocksalt-like/rhombohedral samples while hexagonal sam-
ples are indicated by open symbols. The inset shows the data points of GeTe. The
Wiedemann-Franz-Law (WFL) is plotted in green allowing instantaneous determi-
nation of κlat. and κe for each data point (as indicated for the second hexagonal
Ge1Sb2Te4 value to the right). Only for hexagonal points and GeTe significant elec-
tronic contributions are observed. The change upon annealing can be further analyzed
by fitting a WFL-like behavior to the data (dashed lines, see text).
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Table 4.7.: Fitted L∗ values to describe the relationship between κtotal and σ. L∗ can
be regarded as a simple measure to determine whether charge transport (L∗ < L0) or
lattice effects (L∗ > L0) dominate the change in κ. For rocksalt GSTs a strong excess
in L∗ is obtained (red values), underlining the importance of sublattice ordering. On
the contrary, the annealing effect in hexagonal Ge1Sb2Te4 and GeTe can be related to
electronic effects.
Composition Phase L∗ = κtotalσT (10−8) [WΩK−2]
GeTe rhomb. 1.1
Ge8Sb2Te11 rhomb. 1.1
Ge3Sb2Te6 cubic 13.4
Ge2Sb2Te5 cubic 9.7
Ge1Sb2Te4 cubic 8.2
Ge1Sb2Te4 hex. 3.5
L0 2.45
upper limita 3.35
lower limita 2.12
a from [46].
and σ follow the behavior of a classical (WFL-)metal. In fact, the upper limit of this WFL-area
marks the upper boundary for any electronic contribution to heat transport. Hence, any
slope steeper than the green region, i.e. L∗ > Lup., denotes a compound where additional
lattice effects have to be taken into account to explain ∆κ upon annealing.
The fitted L∗ values of rocksalt Ge1Sb2Te4, Ge2Sb2Te5 and Ge3Sb2Te6 strongly exceed the
theoretical L0 (at least by a factor of 3.3 for Ge1Sb2Te4). This indicates that for these com-
pounds the enhancement in κ is dominated by lattice effects. For GeTe and Ge8Sb2Te11 on
the other hand, values below L0 are found, indicating a charge carrier dominated change
in κ. In contrast to the rocksalt phase, the change in κ in hexagonal Ge1Sb2Te4 is governed
by electronic effects as it exhibits a value close to the upper limit (L∗ = 3.5 ·10−8WΩK−2).
The following conclusion is derived: although the thermal conductivity of GST exhibits an
ongoing annealing effect (see for instance figure 4.15), this effect has two different origins
which can be roughly separated by the structural phase: structural relaxation within the
rocksalt phase and an enhancement in σ within the hexagonal phase.
The presented findings raise the interesting conceptual question whether it is possible to
precisely tune thermal and electrical transport properties in GSTs. Both transport properties
in GSTs - thermal and electronic - are influenced by the same underlying mechanism, which
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Figure 4.20.: Controlling transport through the degree of disorder. This schematic
depicts a two dimensional view of the atomic structure for three exemplary compounds
along the pseudo-binary line. Two "tuning knobs" control the system’s degree of
disorder. Annealing through the different phases causes successively ordered crystal
structures (horizontal direction). Another way of reducing disorder is moving towards
more homogenous compositions with less vacancies upon increasing the GeTe content
(vertical direction). By doing so different (κ,σ)-combinations can be addressed, as
verified by figure(4.19).
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is the degree of configurational disorder. This degree of disorder can be controlled by two
"tuning knobs". Annealing the GST compound or changing the stoichiometry to higher GeTe
concentrations results in increasingly ordered systems as illustrated in figure 4.20. Figure 4.19
demonstrates that a number of (κ,σ) combinations are accessible. The decrease in disorder
enhances κ and σ albeit on a very different scales. Thermal conductivities are found in a
range from 0.4 W/mK to 1.2 W/mK . Changes of σ occur on a larger scale from 3 S/cm to 550 S/cm.
The difference between ∆κ and ∆σ mirrors their absolute accessible ranges for any material.
Room temperature electrical resistivities span 32 orders of magnitude [100] while thermal
conductivities for fully dense solids are found in a range between 0.05 W/mK in WSe2 [101] to
approximately 2300 W/mK for pure diamonds [102]. Consequently, drastic changes in κ are
generally less likely.
For GSTs, it should be in principle possible to address concerted (κ,σ) - combinations by a
precise choice of stoichiometry and/or annealing. Such an ability to control both transport
properties would make GST-based phase-change materials extremely attractive for other
application fields, where transport engineering of thermal and electrical properties is crucial,
e.g. thermoelectrics. The thermoelectric properties of GSTs and their potential for such
applications is further elucidated in the following chapter.
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4.3. Transport between Disorder and Anharmonicity
Within the previous sections the presentation solely focused on the impact of disorder on
thermal transport while a discussion of the influence of anharmonicity - a main finding of
chapter 3 - on thermal transport has been postponed so far. In this last section, the aim is
to introduce anharmonicity into our consideration on thermal transport. For this task it is
advisable to shortly review the main findings of this and the previous chapter.
The degree of anharmonicity has been studied by changes in the specific heat C , while disor-
der has been discussed using the thermal conductivity κ. All findings have been interpreted
on the basis of sublattice ordering which results in a decrease in the degrees of anharmonicity
and disorder. Yet, in order to analyze the influence of these effects on C and κ, it is insightful
to compare them directly as performed in the following listing of observations.
Heat capacity: Thermal conductivity:
The absolute values of C lower due to
a decrease in the irreversible contri-
bution upon heating (figure 3.10).
The absolute values of κ(T ) increase
continuously upon heating (e.g. fig-
ure 4.15(a)).
For T ≤ 300 K all curves appear to co-
incide independent of their anneal-
ing history. A generic behavior upon
cooling is observed in C (T ) (see fig-
ures 3.9 and 3.10).
For T ≤ 300 K a shift in the absolute
value of κ(T ) is observed. Within the
rocksalt phase, all curves maintain a
glasslike-behavior (figure 4.9(a)).
A higher GeTe-content results in less
irreversible ∆C (inset figure 3.8).
A higher GeTe-content results in
higher conductivities (e.g. figure
4.15(a)).
From this compilation, it can be inferred that the trends in the absolute values in C and
κ exhibit a different behavior. Judging from the link between thermal conductivity and heat
capacity as given by the kinetic formula (equation 4.3), the above listing demonstrates that
the changes in C cannot be directly related to the general trends in κ upon ordering. Yet, it
would be too hasty to imply that anharmonicity does not play a role in thermal transport.
The importance of anharmonic effects can be deduced from the exceptionally low thermal
conductivity within the hexagonal phase. Even an increased electronic contribution and
an ordered layered structure return surprisingly small thermal conductivity values around
1.4 W/mK . Obviously, a phonon-phonon interaction beyond disorder-induced point defect
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scattering remains within the hexagonal phase which upholds a high lattice thermal resis-
tance. The anharmonicity of the atomic interaction potential, which arises from the unique
resonant bonding properties (as described in section 3.4) provides an explanation for such
a κ-limiting mechanism because these potentials enable acoustic phonon scattering into
optical modes [44].
We come to the following conclusion: The thermal conductivity in crystalline GSTs is ex-
tremely suppressed by a superposition of two effects: anharmonicity of the atomic inter-
action potential and configurational disorder of the cation-like sublattice. At this point it
is not fully apparent whether or not these two effects entail each other. Nevertheless, the
reduction of disorder can be clearly correlated to the enhancement of κ. As the sublattice
disorder vanishes, the anharmonicity of the atomic interaction potential remains to limit
the thermal conductivity. A piece of evidence which further supports this hypothesis is the
observation that for the highly ordered GST phases the thermal conductivity is of the same
order of magnitude as in anharmonic crystalline PbTe (κPbTe = 2.0 W/mK [44]).
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Having determined the transport coefficients for heat and charge conduction - κ and σ -
within the previous chapter, it is only a small step to a full thermoelectric characterization of
GST-based phase-change materials. Only one additional data set, namely the thermopower
or Seebeck coefficient S, is required to evaluate the efficiency of thermoelectric energy con-
version as determined by the figure of merit Z T . At first, such a study is strongly motivated
by an academic interest focusing on the consequences of resonant bonding and disorder for
Z T . As presented in the following the extraordinary property combination of disorder and
resonant bonding promises attractive thermoelectric properties, which add new facets to this
versatile material class. Furthermore, a deeper understanding of the interrelations between
thermal and thermoelectric properties of GSTs may even result in their employment in novel
applications such as p-type thermoelectric materials.
The following investigation on the thermoelectric efficiency is divided into two parts. In the
first part the general theory and the application side of thermoelectric materials will be intro-
duced. Data on the thermoelectric properties of GSTs will be presented in the second section.
Please note that most of the sample preparation procedure has been already discussed in
the previous chapter (section 4.1.4.1), which is why this part is kept short here. At the end
of this chapter measured Z T s of phase-change materials are compared to state-of-the-art
thermoelectric materials to facilitate an estimation of their actual application potential.
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5.1. Thermoelectrics - General Theory and Applications
We start with a condensed overview about the basic thermoelectric effects and their applica-
tion. This overview has been mostly inspired from detailed introductions to the topic which
can be found in [38] (chapter 9) and especially [103] (chapters 2-4). A special focus was set on
the prospects of GST-compounds in future thermoelectric applications, which can be found
at the end of this section.
5.1.1. Thermoelectric Phenomena
Thermoelectric phenomena constitute a link between thermal and electric effects. In general,
these phenomena arise when a material is exposed to two generalized, external driving
"forces": a thermal gradient ∇T and an electric field ~E . Within the solid these generalized
"forces" induce two types of "flows": a flow of charge ~j and a flow of energy ~jQ , i.e. heat.
Within the framework of the Boltzmann transport equation (BTE) in combination with the
relaxation time approximation the relationship between the forces and the responding flows
are formulated as follows [38]:
~j =L 11~E ′+L 12(−∇~r T ) (5.1)
~jQ =L 21~E ′+L 22(−∇~r T ). (5.2)
Here, E ’ equals a generalized electrical field E ′ = E + ∇~r EF (~r )/e which accounts for an ~r -
dependent Fermi energy, while theL x y denote the so-called transport coefficients as defined
by the linearized BTEs.
The above equations 5.1 and 5.2 cover a wide range of electrical and thermoelectrical trans-
port phenomena. For instance, in the case of a vanishing temperature gradient equation 5.1
simply reduces to Ohm’s law ~j =σ ·~E ′ where the transport coefficientL 11 equals σ.
The above set of equations incorporate the following thermoelectric effects:
1. The first effect is obtained for the special case where an one-dimensional temperature
gradient is applied to a conducting solid along the x-axis without any (external) electri-
cal currents: ~j = 0. In this case equation 5.1 implies that an electromotive field Ex arises
as a consequence of the temperature difference. The strength of Ex is proportional to
the temperature gradient:
Ex = L
12
L 11
· ∂T
∂x
= S · ∂T
∂x
. (5.3)
This phenomenon is known as the absolute Seebeck effect, named after Thomas Jo-
hann Seebeck who discovered it in 1823. Equation 5.3 defines the Seebeck coefficient
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or thermopower S, which is a material-specific quantity. If two suited materials A and
B are connected in a configuration as depicted in figure 5.1(a) the electrical response
to the thermal gradient can be enhanced. In such a configuration - also referred to as
thermocouple - the relative Seebeck coefficient S = SB −S A determines the strength
of the electromotive force. The resulting voltage is given as [38]:
US =
T2∫
T1
(S A−SB )dT. (5.4)
Simple thermocouples as shown in figure 5.1(a) are widely employed to probe tempera-
tures via the Seebeck-voltage.
2. A complementary phenomenon to the Seebeck effect is observed if isothermal condi-
tions along the sample are assumed: ∂T∂x = 0. An applied current j exhibits a concomi-
tant heat flow jQ :
jQ = L
21
L 11
· j =Π · j . (5.5)
This effect is known as the Peltier effect (after Jean Peltier, 1836) and the corresponding
coefficient Π is named Peltier coefficient. This effect can be used to transport heat
as depicted in figure 5.1(b). The aforementioned thermocouple is now arranged in
a closed loop within an isothermal environment. When an electrical current flows
through the loop the heat (ΠA−ΠB ) j is absorbed at one interconnection and released
at the other, thus cooling one side and heating up the other.
The Seebeck and Peltier effect form the physical basis for thermoelectric power genera-
tion and heating/refrigeration, which will be covered in the following section. The close
connection between these two thermoelectric effects becomes evident in Kelvin’s second
law
Π= T S. (5.6)
For the sake of completeness, it shall be noted that a third common thermoelectric effect
exists: the Thomson effect. It is observed, when a current passes through a conductor
with a temperature gradient. The reversible change in heat caused by the charge carriers
is proportional the electrical current and the temperature gradient. The corresponding
Thomson coefficientT relates to the introduced Peltier and Seebeck coefficients through:
T = dΠ
dT
−S. (5.7)
The Thomson effect by itself typically plays a minor role in applications as it is strongly
covered by the concomitant effect of Joule’s heating.
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(a) (b) (c)
Figure 5.1.: Figure 5.1(a): A schematic viewgraph illustrating the Seebeck effect for a
thermocouple. The temperature difference T2−T1 along the open loop of dissimilar
materials A and B creates a measurable voltage US .
Figure 5.1(b): A current is applied to the same thermocouple from figure 5.1(a), now
arranged in a closed loop and in an isothermal configuration. At the connecting sites
between A and B heat is absorbed/released according to the Peltier effect.
Figure 5.1(c): A thermocouple consisting of p- and n-type semiconductors. Com-
mercially available thermoelectric devices consist of several of such thermocouples
connected electrically in series and parallel to the heat flow.
All viewgraphs were motivated by similar illustrations found in [103] and [38].
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5.1.2. Conversion Efficiency and Thermoelectric Materials
In order to exploit the above mentioned thermoelectric effects on an industrial scale several
thermocouples with a base element as depicted in figure 5.1(c) are used. The base element
consists of bar-shaped p− (blue) and an n−type semiconductors (orange) with the corre-
sponding length Lp,n and area Ap,n . The semiconductors are connected electrically in series
by metal conductors (grey) but arranged in parallel to the thermal flow from the hot to the
cold side. Such thermocouples can be used as a thermogenerators which exploit the tem-
perature gradient between T1 and T2 to create an electrical current via the Seebeck effect.
Alternatively, the arrangement also serves as a heat pump if an external current is forced
through the semiconductors. It can thus be used for thermoelectric heating/refrigeration.
The conversion efficiency of both application types is determined by the same quantity, i.e.
the thermoelectric figure of merit Z T [103]. In the following this value will be elaborated by
means of a thermoelectric power generator.
If a load resistance RL is attached to the grey connectors of a thermocouple as shown in figure
5.1(c), a power W is generated [103]:
W =
=I 2︷ ︸︸ ︷(
(Sp −Sn)(T2−T1)
(RL +R)
)2
RL . (5.8)
At the same time a heat flow q needs to be supplied at the hot side of the system (T2) to
uphold the temperature gradient:
q =K (T2−T1)+ (Sp −Sn)I T2− I 2R/2. (5.9)
Here K = κAL denotes the total thermal conductance of both bars and I marks the current as
defined by equation 5.8. The first term in equation 5.9 represents the heat losses due to the
thermal conductivity of the bars. The second term represents a compensation for the Peltier
losses which is linked to S by the Kelvin relation (equation 5.6). The third term I 2R/2 marks a
favorable amount of heat in this balance. It denotes the amount of heat generated by Joule’s
heating I 2R, half of which is supplied to the hot side of the thermocouple.
The total efficiency of the thermoelectric generator η can therefore be calculated by ratio of
equation 5.8 and 5.9:
η= W
q
. (5.10)
Assuming an ideal RL/R ratio, it was demonstrated that the efficiency η further approaches the
theoretical limit of the Carnot efficiency if the following quantity is maximized [103]:
Z = (Sp −Sn)
2
[(κpρp )1/2+ (κnρn)1/2]2
, (5.11)
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Figure 5.2.: State-of-the-art bulk thermoelectric compounds. Each of these composi-
tions covers a special temperature range where its efficiency is at the maximum. This
figure was taken from [59].
The Z -value defines the thermoelectric figure of merit for a thermocouple. In order to facili-
tate the search for advanced thermoelectric materials, equation 5.11 is commonly rewritten
for a single compound. This defines the material’s dimensionless thermoelectric figure of
merit:
Z T = σS
2
κ
T = σS
2
κphon+κe
T. (5.12)
Inserting Z T into equation 5.10 the actual conversion efficiency η for any thermoelectric
generator is written as
ηmax = T2−T1
T2
(1+Z Tavg)1/2−1
(1+Z Tavg)1/2+ T1T2
. (5.13)
Equation 5.12 outlines the roadmap for any material tailoring which aims at the enhancement
of the thermoelectric efficiency. Bad heat conductors with a high electrical conductivity -
so-called phonon-glasses, electron crystals (PGEC-concept) - are expected to exhibit high
values of Z T . Thus, common strategies either aim at the enhancement of the numerator
σS2, which is referred to as power factor, or at the reduction of the active material’s thermal
conductivity κ. Yet, the right hand term of equation 5.12 reveals a fundamental challenge for
such material tailoring. Obviously the two transport channels for charge and heat cannot
be varied fully independently of each other, as κe and σ are inherently coupled by the WFL
(equation 4.21).
A more detailed investigation of the behavior of σ, S and κ reveals that semiconductors with
a charge carrier density n of the order of 1019−1920 1/cm3 exhibit a favorable balance of all
three values which results in enhanced thermoelectric efficiencies [59]. Figure 5.2 taken from
Snyder et al. [59] displays state-of-the-art thermoelectric materials (TEMs) - both p and
n-type semiconductors - and their Z T values. It can be seen that different materials are used
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to cover different temperature ranges where the corresponding figure of merit is the highest.
Once a TEM has been determined and successfully implemented in a working device, an
enormous variety of potential applications opens up. All of them benefit from the material’s
intrinsic conversion from heat to electrical energy and vice versa. The following lists a few
advantages of such a working principle:
• No moving parts: A solid state thermoelectric device operates without any moving
parts. Thus, once it has been installed, it operates reliably and maintenance-free.
• Durability: Thermoelectric devices have an extremely long lifetime and show little
signs of wear. This has been verified by various long-term space missions (see figure
5.3(b) and below). As mentioned in the beginning of this thesis some of these TEGs are
still fully functional and operate completely unattended since the mid 1970’s.
• Scalability: The geometrical size of a thermoelectric device is mostly determined by
the size of the active material. Thus, a huge variety from macroscale (e.g. bulk TEGs
in cars as described below) to microscale devices (e.g. used for on-chip cooling [104])
becomes available.
Commercial thermoelectric devices can be commonly found in laboratory environments for
temperature sensoring by thermocouples or Peltier elements for thermoelectric temperature
control. Under the prospect of a growing need for sustainable energy solutions recent ex-
citement has grown on thermoelectric generators (TEGs) parallel with the development of
increasing Z T -values. TEGs have been successfully integrated in first prototype systems such
as cars (e.g. within the models BMW X6 and LINCOLN MKT [105]) where they are utilized to
harvest the waste heat of the combustion engine. Such a prototype is depicted in figure 5.3(a),
where the TEG is mounted around the exhaust pipe (detailed in the inset). Up to 600 W of
electric power is harvested from the hot exhaust gases which is returned to the passenger
cabin or used to improve fuel economy [105].
In principle such TEGs could be employed wherever waste heat can be harvested. Possible
application areas thus range from small energy autarkic sensors to large-scale harvesting of
industrial heat e.g. from blast furnaces, incinerators etc. Although the overall contribution of
such TEGs for a global sustainable energy solution may be arguable [106], there is no doubt
that the benefits of thermoelectric devices motivate further endeavors in R&D to enhance
Z T .
In the following we will discuss the potential of GSTs to take part as efficient p-type thermo-
electric materials.
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(a) TEG at the exhaust pipe
(b) Curiosity’s TEG
Figure 5.3.: Two prominent application areas of TEGs.
Figure 5.3(a): TEGs are currently tested in prototype cars where they harvest waste
heat from the combustion engine to create electrical power. In this example the TEG is
installed around the exhaust pipe (inset) exploiting the temperature gradient between
the hot exhaust gases and the cooler environment. Up to 600 W of electrical power
can be obtained in this way [105]. Image taken from [106].
Figure 5.3(b): Due to their extreme reliability TEGs have a long history in numerous
space missions (see text). Here, the picture displays the back of the Mars rover Cu-
riosity whose power supply is ensured by a MMRTG (Multi-Mission Radio-Isotope
Thermoelectric Generator). For Curiosity the waste heat of a nuclear decay is used for
energy conversion. Image taken from the corresponding NASA website [107].
102
5.1. Thermoelectrics - General Theory and Applications
5.1.3. Prospects for GST Compounds
Looking at figure 5.2 the thermoelectric characterization of phase-change materials is deemed
to be especially rewarding as prominent representatives of both, phase-change and ther-
moelectric materials (TEMs), fall into the same category of semiconducting IV-VI or V-VI
compounds with similar or even identical stoichiometry. Examples of such closely related
compounds are GeTe/PbTe and Sb2Te3/Bi2Te3 where the first composition of each pair
denotes the PCM, while the latter marks the TEM. Hence, it is not surprising that the ther-
moelectric properties of GeTe-based compounds or even bulk GSTs have already attracted
scientific attention. Previous studies reported notable Z T values on bulk compositions based
on GeTe or even GSTs1. A compilation of thermoelectric efficiencies of GeTe/GST-based bulk
systems is shown in figure 5.4, including the well known, high-performance composition
(AgSbTe2)0.15(GeTe)0.85 which is commonly referred to as TAGS or TAGS-85 [109]. For all of
these compositions the maximum in thermoelectric efficiency is typically reached at high
temperatures around 700 K - 900 K. At these temperatures impressive Z T s well above 1 are
observed. For instance, Rosenthal et al. [110] reported values around 1.3 for bulk GeTe-rich
GST compounds at 710 K. Similar high values are reached with Bi2Te3-doped GeTe [58].
Hence these compounds are extremely well suited and - at elevated temperatures above 700
K - almost unrivaled as p-type materials for thermoelectric applications.
Yet, despite of these extraordinary efficiencies GeTe-based alloys are generally not consid-
ered for common commercial thermoelectric devices. The main reason that precludes their
widescale technological utilization is an economic one: the price of elemental Germanium
is currently significantly higher than the prices of other elements that make up alternative
thermoelectric compounds (see table 5.1). Thus, Ge-rich TEMs such as TAGS have been
mostly employed in niche applications, where their high efficiencies outweigh their economic
downsides. Prominent examples in this context are radioisotope thermoelectric generators
(RTGs) used for space exploration, where a reliable, maintenance-free, long-term power
supply with a maximum in output per volume and weight is required. These RTGs have been
employed in more than 26 NASA space missions over the last four decades including the
famous Apollo and Voyager missions (as mentioned in the introduction of this thesis). A more
recent example is given by the Mars Rover CURIOSITY launched in 2009 and depicted in figure
5.3(b). NASA’s standard MMRTG (Multi-Mission RTG) utilizes a combination of TAGS and
PbTe within its thermoelectric modules to harvest the heat of the natural decay of Pu238 [111].
1At this point it is also interesting to note that property similarities have been found vice versa. For instance, Han
et al. reported phase-change like electrical switching behavior in Bi2Te3 nanowires [108] which gives further
evidence for the close link between these two functional material systems. It should be worthwhile to test
if generic phase-change properties, such as resonance bonding, are present in established thermoelectric
compositions.
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Figure 5.4.: Figure of merit ZT for compositions based on GeTe/GST. The data was
taken from [59] (TAGS), [58] (GeTe and GeTe + Bi2Te3) and [110] (GSTs). The displayed
ZT-values are among the highest measured for bulk p-type materials [109]. The
maximum is typically reached at elevated temperatures between 650 K and 900 K.
Besides space applications, Ge-rich TEMs may regain attention for applications on the mi-
croscale e.g. micro-thermogenerators for hearing aids or wristwatches [127] or micro-Peltier
coolers for on-chip cooling [104]. In such microdevices the disadvantageous material costs
are significantly reduced while the extraordinary Z T s of the bulk system are preserved.
GSTs may offer unique advantages for the prospect of employment in microscale-applications.
An early estimation of the thermoelectric figure of merits of GST thin films was performed
in the study of Bozorg-Grayeli et al. [75]. All three structural phases were evaluated during
this assessment. It was concluded that at room temperature only the intermediate fcc-phase
exhibits a favorable combination of σ, S and κ. In this phase the Z T values could potentially
cover a range from 0.06 to 1.47 (in comparison to ZT < 2.1 ·10−3 for amorphous and hexagonal
GST). This favorable meta-stable fcc phase cannot be reproduced in bulk systems due to the
high melt-quenching rate it requires. Table 5.2 summarizes the current state of knowledge
about the thermoelectric performance of several compounds along the pseudo-binary line
at room temperature and allows a direct comparison between bulk (B) and thin film (TF)
data. Indeed, it can be seen that the fcc-Z T calculation for Ge2Sb2Te5 by Bozorg-Grayeli et
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Table 5.1.: 2012 prices of elements, which are used in state-of-the-art thermoelectric
compositions. The table reveals a pronounced price difference between elemental
Germanium and alternative thermoelectric elements. The high price is a major
drawback for a widescale thermoelectric utilization of Ge-based TEMs, even though
their physical preconditions are excellent. All data were taken from the US Geological
Survey annual reports for the corresponding material [112–116]. All prices given in
United States Dollar (USD).
Material Price in USD per kg Used in
Ge 1680.00 TAGS, GeTe ...
Te 155.00 PbTe, Bi2Te3, GeTe ...
Sb 1.20 GeTe-rich GSTs, Sb2Te3
Bi 20.34 Bi2Te3,...
Pb 0.22 PbTe
al. (marked in red) beats all other bulk compositions. Yet, those values were derived using a
combination of experimental results from different studies. Obviously, the exact annealing
conditions of the different samples were neglected which raises questions on the precision
of the obtained values for Z T . We conclude that despite of promising perspectives, there is
currently little knowledge about the thermoelectric efficiency of GST thin films. This provides
a strong motivation for the following study.
To initiate our figure-of-merit investigation we return to the transport properties of charge
and heat in crystalline PCMs. The previous chapter has demonstrated that it is possible
to select certain thermal and electrical conductivities through the degree of disorder (see
figure 4.19 on page 89). The question arises whether certain combinations of κ and σ can be
approached that fulfill the aforementioned phonon-glass, electron crystal (PGEC) criterion
and lead to improved Z T s.
Figure 5.5 addresses this question by comparing the room temperature transport properties
of GSTs, κ and σ together with known and promising PGEC-like material systems2. The
competing systems are metallic glasses [128], skutterudites [129, 130], clathrates [131–133],
quasicrystals [134, 135] and established thermoelectric tellurides (namely PbTe [60] and
Bi2Te3 [136]). These material classes were chosen to exemplify the different strategies, which
are invoked to disrupt lattice thermal transport. The different strategies are:
• Heavy atomic masses/Anharmonicity: Heavy atomic masses (e.g. in thermoelectric
tellurides such as PbTe and Bi2Te3) lower the acoustic modes (see section 3.1 in chapter
2The exact compositions and the values for σ and κ for each data point can be found in the supplementary
information on page 128.
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Table 5.2.: Compilation of published thermoelectric data for bulk (B) and thin film
(TF) GSTs. All given values were measured at room temperature. Thermal conduc-
tivities marked with * were calculated using the WFL and the κl at values tabulated
in [117]. At room temperature one cubic combination of thin film values potentially
results in ZT > 0.5 as estimated in [75] (Ge2Sb2Te5, marked in red). This table was also
used in [118].
Composition Type S [µVK ] σ [
S
cm ] κ [
W
mK ] ZT
GeSb4Te7
B [117] 35 2020 2.76* 0.02
B [119] 34.5 3420 3.7 0.03
TF [91] - - 0.4 - 0.5 -
TF [30] - 1 - 3000 - -
GeSb2Te4
B [117] 33 2250 2.56* 0.03
B [119] 32.9 2810 3.3 0.03
B [120] 20 - 30 3500 - 4700 - -
TF [30] - 2.5 - 970 - -
Ge2Sb2Te5
B [117] 31 2400 2.58* 0.03
B [119] 30.6 3420 3 0.03
B [120] 38 - 42 1500 - 3700 - -
TF [30] - 10 - 1500 - -
TF [121] - 150 - 2000 - -
TF [89] - - 0.3 - 1.6 -
TF [122] - - 0.3 - 1.3 -
TF [94] - - 0.4 -
TF [90] - 22 - 1700 0.5 - 1.8 -
TF [123] 20 - 200 50 - 3000 - -
TF [124] 36 - 380 1 - 500 - -
TF [75] 36 - 380 22 - 1709 0.3 - 2.1 0.06 - 1.47
Ge3Sb2Te6
B [117] 34 2900 2.96* 0.03
B [119] 33.5 2910 2.7 0.04
B [125] 20 6000 3.5 0.02
TF [30] - 20 - 2500 - -
Ge7Sb2Te10 B [110] 70 400 1.2 0.05
Ge12Sb2Te15 B [125] 57 3100 2.3 0.13
Ge19Sb2Te22 B [110] 1 1100 1.7 1.9 ·10−5
GeTe
B [117] 49 6750 9.1* 0.05
B [126] - 5000 2.66 -
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3). In the case of PbTe, additional anharmonic bonding of the heavy constituent atoms
further enhances the disruption of heat transport.
• Point scattering sources: Introducing foreign atoms with similar electronic valence
structures into a crystal lattice scatters high temperature short-wavelength phonons
while long wavelength electrons remain unaffected [58] (see also section 4.1.1 on
phonon-scattering channels). With this strategy various compositions based on known
thermoelectric materials such as PbTe and/or Bi2Te3 are created via doping (e.g. Tl0.02Pb0.98Te
[60]).
• "Rattlers": A special type of point scattering source found in clathrates and skutteru-
dites. Here, loosely bound atoms are introduced to a rigid crystal frame. These so called
"rattling atoms" or "rattlers" interact with acoustic phonons through opto-acoustic
coupling, without interfering with the electronic transport of the crystal-frame (see
also section 4.1.1).
• Complex structures: As materials become increasingly complex in crystal structure
(i.e. Ba8Ga16Ge30), the corresponding phonon dispersion mainly consists of flat optical
modes with low velocities [59, 137]. This motivates investigations on quasicrystals and
metallic glasses.
So far, the results obtained during the course of this investigation have demonstrated that
GSTs intrinsically exhibit a favorable combination of several qualities, such as anharmonic-
ity due to resonant bonding (as demonstrated in chapter 3) and a high concentration of
point defects (discussed in chapter 4) which dramatically reduces the lattice thermal con-
ductivity. Therefore it is reasonable to assume beneficial thermoelectric properties. Indeed
in comparison to the other material systems GST-based phase-change materials (green data
points) display an attractive location in figure 5.5. Among all materials on display, GSTs
exhibit the lowest thermal conductivities. In addition, a wide range of electrical conductiv-
ities is accessed ranging from EG to EC states, with the latter being well competitive with
thermoelectric compounds like Bi2Te3.
In summary, thin film GSTs display favorable thermal transport properties in combination
with a prospect of electrical transport tuning through the degree of disorder. The initial
situation therefore encourages a thorough investigation of the thermoelectric efficiency
of GST thin films where a special focus is set on the effects of disorder on Z T .
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Figure 5.5.: Transport properties of GSTs and established/potential PGEC-like mate-
rial systems. The following competing systems were chosen due to their promising
transport properties (see text): metallic glasses [128], skutterudites [129, 130], qua-
sicrystals [134, 135], thermoelectric tellurides [60, 136] and clathrates [131–133]. The
figure reveals an attractive location of GST-compounds (green data points). GSTs
exhibit the lowest thermal conductivities of all compounds on display. In addition,
the electronic properties can tuned over a wide range from EG to EC like states, with
the latter being homologous to established thermoelectric materials.
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5.2. Determining ZT for GST Thin Films
Three different experimental setups are needed to determine the quantities that comprise
the thermoelectric figure of merit: the Seebeck setup (S) , the 3ω setup (κ) and the heated
van der Pauw setup (σ). The experimental results of the latter two experiments have been
already presented within the previous chapter. Only the corresponding Seebeck values are
missing to calculate Z T . Thermopower data was obtained using the I. Institute’s custom de-
signed Seebeck setup, which was constructed by C. Schlockermann and P. Jost. It is gratefully
acknowledged that P. Jost operated the Seebeck setup for all thermopower measurements
presented here. Further details on the setup can be found in the corresponding theses [34, 86].
The fabrication steps of each sample type and its geometry are detailed in section 4.1.4.1 and
summarized in figure 4.6 on page 64. An aspect which requires special care is given by the
inherent measurement-differences of the applied techniques. While S and σ are determined
in-plane, the 3ωmethod measures the cross-plane thermal conductivity. This point imposes
difficult challenges for highly textured samples. Yet, the absence of texture in GST-films and
their polycrystallinity corroborate the assumption of isotropic transport properties within
the thin film, which validates our approach.
The previous chapter unraveled two "tuning knobs" to control transport properties through
the degree of disorder: annealing and stoichiometry. Consequently, the following presen-
tation of experimental data is divided into two parts, in which the influences of annealing
and GST composition on the thermoelectric properties are discussed separately. Afterwards
a concise comparison between GSTs and the presented established thermoelectric materi-
als will conclude this chapter. The temperature boundaries for all temperature dependent
measurements are determined by the Seebeck setup, where S is measured in a temperature
window from -60°C to 120°C. For this reason, the original 3ω hardware configuration as stated
in table 4.1 on page 63 was found to be sufficient for Z T experiments.
5.2.1. Ge1Sb2Te4: Trends in ZT upon Annealing
In order to study the effects of annealing on Z T the following discussion focuses on a single
GST compound. The standard prototype material Ge1Sb2Te4 was chosen for this part of the
study due to its rich amount of available background data and literature.
Figure 5.6 summarizes the experimental results for the electrical parameters of Z T : the
Seebeck coefficient S, the electrical conductivity σ and the resulting power factor σS2. The
investigation starts with rocksalt phase samples, as all thin films have been initially annealed
to 150°C. Similar to the previous chapters the study proceeds with subsequent annealing
steps of 25°C until 300°C is reached. Upon annealing S and σ clearly display opposite trends.
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The Seebeck coefficients initially exhibit high room temperature values around 300 µV K−1
(top graph in figure 5.6, see also [34]). Such high positive Seebeck coefficients are consistent
to values reported for thin film Ge2Sb2Te5 by Kato et al. [124] (see also table 5.2). With each
annealing step S is continuously decreasing towards 60 µV K−1, while the sample becomes
increasingly metallic.
The electrical conductivity on the other hand is increasing strongly from approximately 1.5
Scm−1 to 560 Scm−1 (middle graph), which is attributed to the aforementioned reduction of
electronic localization [30]. The sign change from an insulating-like to a metal-like temper-
ature coefficient of resistivity (TCR) is well reproduced by the present data and lies within
the predicted area of 2-3 mΩcm. The corresponding area in σ is marked in light grey in the
middle graph.
Interestingly, the two opposing trends of S andσ create a maximum of the power factor under
certain annealing conditions. This is shown in the third graph of figure 5.6. The enhancement
of σ governs the increasing trend in S2σ for annealing temperatures from 150°C to 250°C
where the highest values are observed. For Tanneal > 250°C however, the trend reverses and
small decrease in S2σ is observed. It is concluded that the behavior of S2σ correlates with
the degree of electronic localization i.e. the highest values are obtained right before the
onset of electronic delocalization. Under these special conditions the Seebeck coefficient -
still non-metallic and adequately elevated - is in balance with a sufficiently high electronic
conductivity to create strongly enhanced power factors.
The corresponding thermal conductivities κ (taken from figure 4.14 on page 81) are added
to the discussion to calculate Z T . In general, the κ(T )-curves display negligible changes
in this elevated temperature regime due to their glasslike temperature behavior. However,
the absolute κs exhibit an overall annealing effect due to sublattice ordering. Similar to the
overall decrease in S upon annealing, this is a disadvantageous trend for the enhancement of
Z T .
The resulting thermoelectric efficiencies are presented in figure 5.7 where the Z T values are
plotted against annealing temperature. A distinct maximum in the figure of merit is observed
for the sample which was annealed at 250°C. Within the room temperature curve the maxi-
mum Z T (0.1) is enhanced by one order of magnitude in comparison to the value measured
at 150°C (9.25 ·10−4). This peak is even more pronounced than the equivalent maximum of
the power factor as the annealing effect in thermal conductivity causes a stronger reduction
of Z T for Tanneal > 250°C. In addition to the disadvantageous increase of the lattice thermal
conductivity, the favorable increase in σ under these annealing conditions is compensated by
an concomitant increase in κe . Hence, it appears unlikely to expect higher Z T -values above
the observed maximum. The left hand side of the maximum, i.e. annealing temperatures be-
low 250°C, marks a region where the power factor is too small for high Z T s as a consequence
of disorder-induced electronic localization. Therefore it can be inferred, that the observed
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Figure 5.6.: Ge1Sb2Te4: The electrical quantities that determine the thermoelectric
figure of merit upon annealing: the Seebeck coefficient S (top graph), the conductivity
σ (middle) and the resulting power factor S2σ (bottom). S and σ exhibit opposite
trends upon annealing: a gradual decrease in S as the system becomes increasingly
metallic and a strong increase in σ due to the reduction of electronic localization.
This ambivalent trends create a maximum for the power factor at 250°C. The grey
area in the middle σ-plot marks the typical area of the TCR sign change (between 2-3
(mΩcm)−1) which is nicely reproduced here (see text).
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Figure 5.7.: The thermoelectric figure of merit of Ge1Sb2Te4 upon annealing. The ZT
curve reveals a significant enhancement at an annealing temperature of 250°C, which
mirrors the favorable power factor at this annealing condition. This global peak in
ZT at 250°C is maintained for all accessible experimental temperatures up to 380 K
(see text).
Please note, that the open symbols denote data points where the thermal conductivity
was taken/extrapolated from the low temperature experimental series (presented in
figure 4.10). The dashed lines serve as guide to the eyes.
maximum in Z T must be in close proximity to a global maximum. Consequently, 250°C
denotes a temperature close the ideal annealing condition for which the global maximum in
Z T is obtained:
225°C< Tideal < 275°C. (5.14)
We conclude that the position of the ideal Z T value of a GST composition is determined
by the degree of configurational disorder, a finding which underlines the high relevance of
disorder-effects for thermoelectric tailoring in GST thin films.
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5.2.2. Ge8Sb2Te11 and Ge3Sb2Te6: Trends in ZT due to Stoichiometry
The investigation of stoichiometric trends in the thermoelectric figure of merit starts with a
reflection of relevant previous findings. In section 4.2.3 the response in κ upon changes in σ
was quantized by a modified Lorenz number L∗. In this context a high L∗ represents a strong
concomitant increase in κ, which is rather unfavorable for the enhancement of Z T . A low L∗
on the other hand, enables a wide-range adjustment of σ through annealing. At the same
time only minor changes can be expected for the absolute thermal conductivity. Obviously,
the latter describes a convenient condition to tailor PGEC-like properties and improve the
thermoelectric energy conversion efficiency.
In order to test the predictive power of this concept, the thermoelectric figure of merit was
determined for those two crystalline GST compounds which display the largest difference
in L∗ according to table 4.7 on page 90. These compounds are Ge3Sb2Te6 which exhibits
the highest value of L∗(13.4 WΩK−2) and Ge8Sb2Te11, which displays the lowest L∗ (1.1
WΩK−2). Two annealing temperatures within the crystalline phase were investigated for
each compound: 225°C and 250°C for Ge8Sb2Te11 and 200°C and 250°C for Ge3Sb2Te6. Those
temperatures were chosen to address fully crystalline states and trigger minor annealing
effects. A larger temperature window was applied to Ge3Sb2Te6 as stronger annealing effects
are expected here in κ and σ [85].
Analogous to the previous section figure 5.8 summarizes the electrical properties comprising
Z T : S, σ and the calculated power factor S2σ (top to bottom). Ge8Sb2Te11 is represented by
filled markers, while Ge3Sb2Te6 is depicted using open symbols. Both compounds exhibit
high Seebeck values between 180 µVK−1 - 300 µVK−1, similar to fcc Ge1Sb2Te4 under lower
annealing conditions. The same qualitative behavior is observed for the two compositions,
which has been also noted before for Ge1Sb2Te4: a decrease in S upon annealing while σ is
simultaneously increasing.
However, an interesting difference is observed between the two compositions. Ge8Sb2Te11
exhibits a much smaller decrease in S than Ge3Sb2Te6. At the same time, Ge8Sb2Te11 exhibits
significantly higher electrical conductivities, two benefits that add up in the calculation of
the power factor (bottom graph). Here, Ge8Sb2Te11 displays high power factors which further
benefit from the annealing effect in σ. Ge3Sb2Te6 on the other hand exhibits negligible differ-
ences between the two annealing temperatures because the favorable increase in electrical
conductivity is compensated by the reduction of S.
The high power factors of Ge8Sb2Te11 are mirrored within the Z T values which are depicted
in figure 5.9. Again these values have been calculated using the measured thermal con-
ductivities presented in figure 4.14 on page 81). At this point the inclusion of the thermal
conductivity adds the beneficial effect of the low L∗ in the case of Ge8Sb2Te11 resulting in a
figure of merit of 0.25 - 0.32 at room temperature. This value clearly outperforms Ge3Sb2Te6,
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Figure 5.8.: The electrical quantities that determine the thermoelectric efficiency for
Ge8Sb2Te11 (full markers) and Ge3Sb2Te6 (open markers): the Seebeck coefficient
S, the conductivity σ and the resulting power factor S2σ. Qualitatively, the same
behavior as in figure 5.6 is observed: an decrease in S (top graph) in combination with
an increasing σ (middle). Yet, Ge8Sb2Te11 displays a much more favorable alteration
of both parameters, resulting in a high power factor (bottom). See also [118].
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Figure 5.9.:The thermoelectric figure of merit of crystalline Ge8Sb2Te11 and Ge3Sb2Te6.
The efficiency of Ge8Sb2Te11 is significantly enhanced over all other GST values dis-
cussed so far. This is a consequence of a viable combination of three effects: a high S
with a small decrease upon annealing, a high σ and the lack of an annealing effect in
κ.
which exhibits a Z T of 0.04. Therefore the composition with the lower L∗ value displays
superior thermoelectric efficiencies which corroborates our prediction from the beginning
of this section. The finding of elevated figure of merits for GeTe-rich thin film samples is
consistent to reported Z T trends of bulk samples. Here high thermoelectric efficiencies have
been found in GeTe-rich GSTs such as Ge12Sb2Te15 [110, 125].
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5.2.3. Summary of Thin Film ZTs
The two previous sections have demonstrated the inherent potential of GST thin films for
the understanding and the control of thermoelectric properties. Both control parameters for
the degree of disorder, annealing and stoichiometry, have been used to enhance the figure
of merit. As a result, a rough recipe to obtain elevated Z T values within the GST system
would be to direct the search at GeTe-rich compositions with low L∗-values and tune their
electrical conductivity by further annealing. Both results that led to elevated Z T s, annealing
conditions at the onset of electronic delocalization and GeTe-rich compositions, indicate
that the initial high degree of configurational disorder in the early crystalline states is rather
unfavorable for thermoelectric applications. A small remaining degree of disorder that care-
fully balances the three parameters S,σ and κ is preferred to promote efficient thermoelectric
properties.
But how do such thin film systems compare to established bulk thermoelectric materials? Do
they meet the initial expectations formulated in section 5.1.3 ?
Two comparisons are performed to answer these questions. The first is given by figure
5.10. It illustrates the placement of all investigated GST thin films of this study among the
GeTe/GST-based thermoelectric materials which were shown before in figure 5.4 ( now col-
ored in light grey). As mentioned before only a limited temperature range was available
during this study, which is why all data points are located between 300 K - 400 K. Furthermore,
an upper temperature limit is naturally defined for all thin film samples by the annealing
temperature itself, as the composition undergoes further structural relaxations if this limit
is exceeded and the transport parameters change. For reference the annealing temperature
of the most thermoelectric-efficient Ge8Sb2Te11 compound - 250°C - is displayed in figure
5.10 as a dashed green line. Despite of these limitations, the sputtered GST thin films exhibit
improved or homologous thermoelectric efficiencies when compared to the established
compounds. The highest Z T s were observed for Ge8Sb2Te11 which even outperforms the
state-of-the-art TAGS material system within the investigated temperature range.
Due to the overall increasing trend in Z T over the complete temperature range, it is highly
plausible that even higher values are obtained at temperatures from 400 K to 520 K. The
Z T values already accessed within this study are above 0.7 (for T>350 K), which renders
Ge8Sb2Te11 a potential contender for a p-type thin-film thermoelectric material. Because to
the thin film’s boundary conditions this composition could be employed in low temperature
and low power applications (e.g. energy-autarkic sensoring, on chip cooling etc.).
As GeTe-based compositions typically exhibit their maximum in Z T at elevated temper-
atures around 700 K - 900 K, a second comparison is performed which aims at the figure of
merit of state-of-the-art thermoelectric thin films used in the low-temperature regime. As
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Figure 5.10.: Collection of the ZT values of all investigated GST thin films using
the style of figure 5.10. The bulk data are now colored in light gray. The thin film
values exhibit improved or homologous thermoelectric properties in the accessible
temperature range (up to 400K). The green dashed line indicates an upper temperature
limit which is defined by the annealing temperature of the compound. Here, 250°C is
chosen as the limit, being the annealing temperature of Ge8Sb2Te11, which displays
the highest measured Z T values. It appears highly plausible that the increasing trend
in Z T with temperature is continued above 400 K, making GST thin film potential
candidates for TEMs for low temperature/low power applications.
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shown in figure 5.2, the materials typically chosen for this temperature range are compo-
sitions based on Bi2Te3 or Sb2Te3. Table 5.3 lists the relevant properties of thermoelectric
thin films based on these TEMs and compares them with the results the GST thin films.
Interestingly, the biggest property difference is observed for the electronic conductivities,
which are significantly smaller in GSTs. GSTs exhibit slightly higher charge carrier densities
n than the listed TEMs. For Ge8Sb2Te11 a value of 6.1 ·1020 cm−3 was determined by room
temperature Hall measurements [118] in comparison to values of 1019−1020 cm−3 for the
standard TEMs [138, 139]. Thus, the small electrical conductivities must be a consequence
of low mobilities caused by a high degree of disorder in GSTs [30]. Yet, these mobilities are
subject to disorder and it is this degree of disorder that enables the tunability of Z T . By
increasing σ in Ge8Sb2Te11 the Z T value was raised from 0.25 to 0.32, thus passing the value
of the standard p-type TEM Sb2Te3 (0.25)!
To summarize, promising results have been obtained for the thermoelectric efficiency of
GSTs. Either homologous or even improved figure of merits have been observed. At the
same time, GSTs offer outstanding possibilities to study the impact of disorder on transport
properties and tailor them accordingly. This should motivate further research endeavors in
this area. Some immediate suggestions for ensuing experiments are listed in the following.
Further annealing steps should be performed on additional GST compounds analogous to
the investigation of Ge1Sb2Te4 to locate the individual peak positions of Z T . Furthermore, it
is advisable to increase the accessible temperature regime to determine the figure of merit at
temperatures above 400 K.
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Table 5.3.: Comparison between two p-type thin film thermoelectric systems and the GST compounds of this study. The two TEMs
were chosen for comparison as they represent highly efficient compounds at lower temperatures. All presented values are taken at
room temperature. See also [118].
Material Literature S [µVK−1] σ [Scm−1] S2σ [µWcm−1K−2] κ [Wm−1K−1] Z T
Sb2Te3 [140] 140 662 13 1.5 0.25
(Bi27Sb73)2Te3 [138] 240 476 21 - -
(Bi27Sb73)2Te3 [139] - - - 0.6 - 0.7 1.17 - 1.36
Ge8Sb2Te11 this study 230 - 250 85 - 120 5 - 6 0.5 - 0.6 0.25 - 0.32
Ge3Sb2Te6 this study 190 - 300 9 - 21 0.8 0.6 - 0.7 0.04
Ge1Sb2Te4 (150°C) this study 300 1.5 0.1 0.4 0.01
Ge1Sb2Te4 (250°C) this study 90 352 2.7 0.8 0.1
1
1
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CHAPTER 6
Summary and Conclusion
This work investigated the thermal properties of GST-based phase-change materials. In doing
so, the investigation covered a variety of topics ranging from the fundamental phonon density
of states to the thermoelectric efficiency of GST thin films. Throughout the study of thermal
phenomena, two fundamental characteristics of phase-change materials surfaced repeatedly
- both of them at the core of the unique property portfolio of PCMs. As it turned out, many
of the unconventional macroscopic thermal properties, for instance the extremely small
thermal conductivities, are governed by one of these characteristics or can be attributed to a
complex interplay of both.
The first characteristic is marked by the pronounced anharmonicity of the atomic potential
in GSTs. This phenomenon was ascertained in chapter 3, where the degree of anharmonicity
was related to an excess in specific heat ∆C measured by differential scanning calorimetry.
The specific heat strongly exceeded the harmonic C -calculation based on the phonon density
of states (determined by means of inelastic neutron scattering). The pronounced anhar-
monicity is a consequence of the unique bonding condition of crystalline phase-change
materials, i.e. resonant bonding, in combination with small Peierls distortions. Reso-
nance bonding causes smaller force constants F within the crystalline phase and a wider
atomic interaction potential V (r ).
Furthermore, it was demonstrated that the degree of anharmonicity scales with the amount
of vacancies within the system and decreases upon annealing. This manifests in a decreas-
ing excess of the specific heat ∆C and a reduction within the coefficient of linear thermal
expansion (CTE). The reduction continues until a stable degree of anharmonicity is reached
within the hexagonal phase. Experimentally, this state is identified by a fully reversible ∆C .
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Nevertheless, the remaining degree of anharmonicity is sufficiently high to lower the lattice
thermal conductivity in the hexagonal phase to extremely small values (as presented in chap-
ter 4). The reduction of κ in resonantly bonded GSTs is analogous to the reduction of the
thermal conductivity by anharmonicity in thermoelectric PbTe.
The second characteristic is given by the high degree of structural disorder in crystalline
GSTs. It is mainly the result of a random distribution of Ge, Sb and empty lattice sites on
the cation-like sublattice, with an additional share of random Peierls distortions. There
are pronounced repercussions of this high disorder on electronic transport properties, i.e.
disorder-induced localization effects, which have been reported prior to this investigation.
Thus, the focus was set on disorder effects on thermal transport properties. A thorough
investigation of the thermal conductivity κ at low temperatures revealed a glasslike temper-
ature trend within the crystalline phase. Even though the thermal conductivity increases
upon annealing (annealing effect), the glasslike trend is maintained within the metastable
rocksalt phase. A fitting procedure based on the Debye Model indicated that a reduction
of point scattering sources causes the annealing effect in κ. This was further corroborated
by an additional stoichiometry series where a direct link between sublattice ordering and
the enhancement of the thermal conductivity was established. This finding demonstrates
that the two transport channels for thermal energy and electrical charge are affected by
the same mechanism, i.e. the degree of disorder.
Furthermore, it was demonstrated that the degree of disorder can be reduced either through
annealing (causing sublattice ordering) or by stoichiometry (i.e. by moving to a more homoge-
nous composition). Hence, both transport properties can be simultaneously controlled
through concise selection of stoichiometry and annealing treatment which allows to ad-
dress various (κ,σ) - combinations. A combined study of σ and κ unraveled the different
regions where the transport coefficients can be accessed by these two control parameters.
As a part of this study, the response of κ to changes in σ was quantized by a modified
Lorenz number L∗. Compositions with low values of L∗, i.e. GeTe-rich GSTs, enable drastic
alterations inσwhile the corresponding thermal conductivity undergoes only minor changes.
The combination of a strongly reduced lattice thermal conductivity due to anharmonic-
ity and disorder and the possibility to tailor thermal and electrical transport through the latter
provides two strong motivations for a thermoelectric characterization of GST thin films. The
results of this investigation were presented in chapter 5.
The effects of the two control parameters - annealing and stoichiometry - on the thermoelec-
tric figure of merit were studied: the first by an annealing series on Ge1Sb2Te4, the latter by
a direct comparison between Ge3Sb2Te6 and Ge8Sb2Te11. Within the first part of the study
a pronounced peak in Z T was observed at the onset of electronic delocalization. At this
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condition a careful balance is obtained for S, σ and κ, which leads to an enhancement of Z T
of one order of magnitude.
The comparison between Ge8Sb2Te11 and Ge3Sb2Te6 revealed a superior thermoelectric
efficiency for GeTe-rich Ge8Sb2Te11 and thereby verified that compounds with a small L∗ are
suited to approach PGEC -like transport properties. Both findings corroborate the relevance
of structural disorder for thermoelectric material tailoring.
Finally, a comparison of the obtained thin-film values of GSTs with state-of-the-art thermo-
electric compositions (both bulk and thin films) revealed that either comparable or even
improved Z T values are found. The highest measured Z T of Ge8Sb2Te11 reaches approxi-
mately 0.8 at 120°C. Hence, it outperforms p-type thermoelectric Sb2Te3 thin films, which
renders this composition a potential candidate for thermoelectric applications.
To conclude, the presented results provide important insights on the unconventional thermal
properties of GST-based phase-change materials. These insights are valuable for fundamental
scientific questions e.g. within the field of disorder-physics as well as for application-related
challenges such as power efficient phase-change switching.
At last, the thermoelectric characterization of phase-change materials reveals an exciting
outlook for novel application potentials of this versatile material class.
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APPENDIX A
Supplementary Information
A.1. Additional Information to Chapter 3
Figure S1.: A fully reversible phase transition is observed in the DSC cycling curve of
GeTe. It occurs approximately at 680 K and is associated with the phase transition
between the low-temperature trigonal phase (ferroelectric α phase of GeTe) and the
cubic phase at high temperatures. The transition temperature is strongly dependent on
the exact stoichiometry and may vary between 670 K (Te excess) and 700 K (Ge excess).
Cycling experiments discussed in the main body of this thesis (e.g. figure 3.10 on 41)
were restricted to temperatures below this transition. See also [37] (supplementary
information) and references therein.
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Figure S2.: Similar to GeTe (figure S1), a reversible transition is also exhibited by
Ge8Sb2Te11. Yet, whereas the reversible feature of GeTe is observed upon first annealing,
Ge8Sb2Te11 exhibits a more complex behavior. An irreversible decrease in specific heat
is observed between the first heating and cooling curves (shown in light red and blue).
This behavior is analogous to that of other GST-compositions discussed in this thesis
(see for instance the top two graphs of figure 3.10 on page 41). The decrease in specific
heat is indicative for structural ordering within this composition. Any subsequent
annealing cycles (dark red curve) reveals a reversible behavior and a peak around 630
K. This peak can be attributed to a ferroelectric phase transition analogous to GeTe.
Also published in [37] (supplementary information) and further information can be
found in the references therein.
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A.2. Additional Information to Chapter 4
Figure S3.: An almost linear relationship between composition and transition temper-
ature is observed for GSTs. This linearity is used to extrapolate a hexagonal transition
temperature for Ge8Sb2Te11 (indicated by a dashed line), which facilitates the com-
parison between Ge8Sb2Te11 and other GSTs in the rescaled plot (figure 4.16) on page
84.
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A.3. Additional Information to Chapter 5
Table S1.: Comparison of Phonon-Glass, Electron-Crystal-like materials: The table
lists the room-temperature electrical conductivity σ and the total (lattice and charge)
thermal conductivity κ of several materials from classes that are expected to exhibit
potential PGEC behavior. The values compiled here, where used for figure 5.5 on
108, which revealed an attractive location of GST compounds in comparison to other
(potential) PGECs.
Materialclass Stoichiometry σ [S/m] κtotal [W/mK ] Lit.
Clathrates Sr14.5Ga30.2Ge55.3 (cl A) 8·103 0.80 [131]
Sr14.7Ga28.8Ge55.5 (cl B) 3.3·104 1.20
Sr14.6Ga28.5Ge56.9 (cl C) 5.0·104 1.10
Ba8Ga16Sn30 9·103 1.10a [132]
Ba8Ga16Ge30 15.1·104 2.00 a
Ba8Ga16Si30 11.7·104 2.00 a
Sr8Ga16Ge30 12.9·104 2.00 a
Cs8Sn44 1.6·103 1.01 b [133]
Ba8Ga16Si30 4.9·104 1.36 b
Sr8Ga16Ge30 8·1043 0.96 b
Eu8Ga16Ge30 3.9·104 0.89 b
Sr4Eu4Ga16Ge30 1.0·104 1.33 b
Skutterudites Co4Sb12 2.6·103 9.22 b [129]
Tl0.1Co4Sb12 7.4·104 3.94 b
Tl0.22Co4Sb12 10.5·104 3.65 b
Tl0.5Co4Sb11.5Sn0.5 2.2·104 3.65 b
Tl0.5Fe0.5Co3.5Sb12 2.2·104 2.46 b
Tl0.75Co4Sb11.25Sn0.75 4.5·104 2.56 b
TlCo4SnSb11 8.3·104 2.51 b
TlCo3FeSb12 4.3·104 2.22 b
CeFe4Sb11.5 1.0·104 1.90 c [130]
La0.75Th0.2Fe3Sb12 8.3·104 1.75 c
Quasicrystals AlCuRu 2.5·104 1.80 [134]
AlCuFe 3.1·104 1.80
AlCuRuSi 3.9·104 1.80
AlPdMu 6.5·104 1.60
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Al68.5Pd22.9Re8.6 1.1·104 1.00 [135]
Al67.7Pd23.2Re9.1 7.5·103 0.80
Al67.5Pd20.6Re11.9 1.3·104 0.65
Al67.8Pd22.2Re10.0 1.7·104 0.65
Al66.6Pd23.1Re10.3 1.6·104 1.00
Al67.7Pd21.7Re10.6 1.7·104 1.00
Metallic Glasses Fe80B20 72.9·104 10.60 [128]
Fe40Ni40P14B6 65.7·104 8.30
Fe32Ni36Cr14P12B6 55.2·104 6.50
Thermoelectric Tellurides Tl0.02Pb0.98Te 5·104 2.25 [60]
Tl0.01Pb0.99Te 4·104 2.0
Bi2Te3 62500 1.3 [136]
a value estimated in paper
b κe added manually with WFL at RT, theoretical Lorenz number used
c κe added manually with WFL at RT, different Lorenz number as stated in paper
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